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Abstract
The creep behaviour of hand laminated, glass fiber reinforced polyester composites
were studied at coupon level, due to the use of similar materials in long term load bearing
civil and structural engineering applications. Creep predictions were made by fitting the
parameters of several viscoelastic models to experimental creep data as well as two
accelerated test methods, time temperature superposition (TTS) and frequency time
transformations (FTT). TTS experiments were carried out in a dynamic mechanical analyzer
(DMA) in three point bending mode for three types of material systems. Creep compliance
master curves representing the linear viscoelastic creep response at reference temperatures of
35‘^C, 45”C and 55°C were generated by using a manual curve shifting procedure, while the
validity of TTS was explored by assessment of the temperature dependence of the curve
shifting.
The FTT method of synthesizing the linear viscoelastic creep response was used by
initially carrying out a series of oscillatory measurements in three point bending mode in the
DMA. The dynamic stiflhess as a function of frequency was transformed into time domain
creep compliance by means of an inverse fast Fourier transform and numerical integration
routine implemented in National Instruments’ LabView 8.2. fhe technique was also initially
tested by synthesizing a number of known exact functions in order to give confidence in the
results. The synthesized functions were generated for periods of two and four hours and
compared to actual time domain creep tests carried out over a two hour period. The results
show good potential for using FTT as a creep characterization technique, provided that the
frequency dependent properties can be successfully extrapolated to the low frequencies
required for synthesis.
Procedures for theoretically estimating the static and transient response of a polymer
composite structure in flexure were also explored through a combination of theoretical and
finite element approaches. The results showed excellent correlation between theoretical and
finite element models for static analysis while transient finite element analysis suggests that
increased temperature can dramatically increase the creep rate of a polymer composite
structure in flexure.
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Chapter l.O
Introduction

Chapter 1.0
INTRODUCTION

1.1 Background
Composite materials are made from two or more separate materials possessing different
material properties. The individual materials are bonded to create a composite material at the
macro level while definite interfaces exist between the constituent materials i.e. they do not
merge into one another. Fiber reinforced plastics (FRP) are a type of composite material that
have become increasingly common in structural applications over recent decades. This is
partly due to the many advantages FRP can possess over conventional engineering materials,
such as corrosion resistance, reduced weight and cost and the ability to tailor the mechanical
properties of the component to the particular application i.e. strength and stiffness’s can be
easily altered to suit the loading scenario. FRP matenals have been used in structural
engineering applications over the past 50 years, in new and in repair and retrofitting
applications, (1).

n=”
FRP double shear web beams

Fig. 1.1 Pultruded FRP bridge support beams spanning 38 feet across Dickey Creek, Virginia, IJ.S.A., 2001, adopted from
Bank(\).

FRP composites are commonly thin-walled materials comprising of several individual
layers of material. Layers or lamina, comprising of fiber and matrix combinations, are
stacked upon one another in certain sequences and orientations to form a laminated
composite. The overall effective matenal properties are dependent on the individual
properties of the fibers and resin matrix, the fiber volume fraction, the manufacturing process.

the sequence in which layers are stacked upon one another and the physical distribution or
pattern of the fibers within the matnx.

FRP matrix materials in civil and structural

applications are most commonly polyester and vinyl ester thermosetting resins while
reinforcing matenals tend to be glass, carbon or aramid (2). The form of the reinforcement
types can be long continuous fibers, short aligned fibers, randomly oriented fibers, woven
cloth or stitched cloth. Glass fiber reinforcements, which are of interest in this thesis as they
are a commonly hand laminated reinforcement in civil and structural engineering
applications, are most commonly E-glass, with typical tensile strength of 3450 MPa and
Young’s modulus of 72.4 GPa for individual fibers (2). The goal of this research is to
investigate the creep behaviour of manually laminated composite materials manufactured
specifically for structural applications.

The use of FRP materials in structural engineering applications today is largely
dominated by pultruded constant cross section structural profiles and concrete reinforcing and
strengthening materials. Large scale pultruded structural profiles were first used as gable
frames for laboratories used by the emerging electronics industries in the 1970’s, where the
minimum amount of magnetic structural material was to be used. Pultruded profiles still find
many uses today in lightweight and low cost applications such as bridge support beams as
depicted in figure 1.1. Since 1996, 118 bridge decks in the United States of America have
been built or rehabilitated with FRP, with 41% of these systems using pultruded sections (4).
When the need however arises for discontinuous structural sections of reasonable size and
geometric complexity, the traditional hand lay-up manufacturing technique is likely to be

used. Unlike pultruded structural profiles, the quality of hand manufactured profiles tend to
be dependent on the skill of the operator with void content in the region of 1%, which is
approximately double that of a component manufactured by resin transfer moulding (2). The
hand lay-up technique, depicted in figure 1.2, involves application of catalyzed resin onto
cloth reinforcement in an open female mould The process is the simplest means of
impregnating fibres with a resin. A layer of resin or “gel coaf’ is firstly applied to the mold
and allowed to cure in order to ensure the fiber reinforcements will not protrude through the
surface of the finished component. Layers of fiber reinforcement in cloth form are then
manually placed into the mold and impregnated with resin by pouring, rolling or brushing.
The component is then left to cure, usually at room temperature, de-moulded and trimmed at
the edges. The molds themselves may often be made from reinforced plastic, wood or plaster.
The various disadvantages of the hand lay-up technique include;
>
>
>
>

increased labour intensity,
low production volume,
surface finish also tends to be good on the mould side only,
precise control of thickness is difficult to achieve.

Advantages of the technique include,
> complex and large components can be manufactured,
> low tooling costs,
r* flexibility during manufacturing.
Discontinuous structural sections such as those depicted in figure 1.3 of the next section
are used frequently in FRP storage tank roof supports, laminated manually and are expected
to maintain loads over a number of years. Due to the manual manufacturing technique, the
quality of the finished component is not on par with other highly automated manufacturing
techniques, hence, the long term behaviour of such sections of interest. This thesis aims to
contribute to an existing gap in the literature by investigating the application of accelerated
creep characterisation and prediction techniques to manually laminated glass reinforced
polyester composites intended for use as structural materials.

1.2 Goal of the Research

The central research question is;
"By what means can creep behaviour in hand laminated composites he characterised and
used as a design guideline in structural engineering applications? ”
Polymer matrix composites tend to be susceptible to time dependant increases in strain,
or creep, under a constant load. This forces the designer to take into account the effect of long
term loading, as well as immediate effects. Two major concerns are generally considered
when choosing composite materials for structural applications, long term stability and
strength (5). Such long term concerns may manifest themselves in-service in the form of
premature design constraint violations such as the surpassing of a deflection limit, or creep
rupture due to creep induced strength reductions.
FRP storage vessels with FRP roof
support beams.

Hg 1.3 FRP Storage tanks with hollow FRP roof support beams manufactured by the hand lay-up technique, adopted from
Corporate Engineering Ltd. (6).

Current design codes such as British Standards and Eurocodes have not established
universally accepted rules for structural design with polymer composites, however two
widely accepted guidelines are frequently referenced, namely the EuroComp Design Code (7)
and the American Society of Civil Engineers’ (ASCE) Structural Plastics Design Manual (8).
Although these manuals specify how creep can affect the structural integrity of polymer
composite structures, there is little information on what factors should be incorporated into
the design process to allow for long term sustained loading. Furthermore, it is not fully
understood how the inherent flaws that come with the manual manufacturing process may

also serve to influence the creep mechanisms of the composite material, leading to a lack of
comprehension in how the creep characteristics of such materials can be accurately measured.

Unfortunately the lack of research in the field of long term durability of structural
composite materials often results in sub optimal design. This, when coupled with a lack of
long term creep data for structural composite materials and a lack of standardization in the
field of structural design with polymer composites, has lead to a degree of uncertainty in
design of such structural components for long term loading applications. Figure 1.3 shows a
common application where structural members manufactured by hand lay-up are expected to
support a sustained load over a substantial period of time. FRP storage vessels are common in
the process industries and are often used in water and chemical service. The design of these
vessels is standardised in the form of BS: 4994 (1987), “specification for the design and
construction of vessels and storage tanks in reinforced plastics” however this standard fails to
address the detailed design of hand manufactured hollow box-beams which are used for roof
supports. This type of application frequently brings about the scenario where a purely hand
laminated composite structural section is required to maintain its structural integrity over a
relatively long period of time. In the case of FRP vessels, this can be greater than 10 years.

1.3 Scope
The main objective of this research is to determine the creep behaviour of E-glass
reinforced, polyester matrix composites, manufactured by the hand layup method, with a
view to the application of the observed creep behaviour to the design of structural sections.
The manufacturing process which is of concern in this work is the hand lay-up method.
Although many components manufactured by hand lay-up process are subsequently autoclave
cured, large structural sections are generally cured at room temperature for approximately
two weeks.
The manufacturing process of concern involves the following,
•

The component is manufactured by manually applying layers of glass fiber cloth onto
a thermosetting matrix in an open mold.

•

The matrix in the form of liquid resin is manually poured onto the reinforcing material
and subsequently brushed or rolled to a uniform distribution.

•

The resin is catalyzed and the component is cured at room temperature.

1.4 Objectives
The application of accelerated test methods for characterizing creep in hand laminated
composite materials has not been well researched according to the current literature. This
research project aims to explore the validity of several creep models and accelerated creep
test methods m their application to these materials, at coupon level. The project aims to
determine the range of temperatures that allow for the safe use of structural sections and how
the static and transient behaviour can be estimated.
The proposed objectives of this research are;
1) To investigate various creep models and their application to hand laminated polymer
composites for creep predictions and material characterisation.
2) To predict the long term creep response of hand laminated composite materials by an
accelerated test method known as time temperature superposition.
3) To predict the momentary creep response of hand laminated composite materials by a
test method known as frequency time transformation.
4) To apply creep parameters determined through experimentation to finite element
analyses of polymer composite structural sections.

1.5 Specific Deliverables
The specific deliverables of this project stem from the successful completion of each
objective. The specific deliverables are;
1) A comprehensive and clear understanding of the range of applicability of several
creep models to the creep behaviour of hand laminated polymeric composites.
2) A thoroughly researched body of work concentrating on the range of applicability of
accelerated
celerated creep test methods in their application to hand manufactured polymeric
composites.
3) A comprehensive description of the static structural analysis of thin walled composite
members including theoretical and finite element analyses.

I. 6 Significance
Applications in civil and structural engineering where hand laminated polymer
composites are required to maintain long term structural integrity are lacking in
standardization, resulting in a need for further research and experimentation in this area. A
recent study by Helbling et al (9) claims that there is significant concern associated with the
durability of FRP structures in civil engineering applications, due to lengthy service life
requirements without the meticulous maintenance and inspection routines such as those
applied in the aerospace industry. The authors also remark that a lack of durability data often
leads to high safety factors, as much as 8-12 in the area of FRP tanks and 4-6 in marine
applications and that due to aspects related to creep, more research is required in the area of
durability of FRP structures. The individual effects of fiber content, fiber type, matrix type,
layup configuration and void content on the mechanical properties of laminated glass
reinforced plastics have been well studied over past decades. Much less information currently
exists on the creep behaviour of hand laminated FRP materials. Hand laminated polymeric
composite structural profiles generally contain more voids and manufacturing flaws than
those of other manufacturing techniques such as pultrusion, hence an intrinsic susceptibility
is likely to exist regarding the creep behaviour. This is further compounded by the fiber
content which is also limited between 0.25 and 0.5 (10), significantly less than what can be
achieved by pultrusion, resulting in matrix dominant elastic and viscoelastic behaviour. ITiese
flaws, discontinuities and matrix dominance may serve to accelerate the creep mechanisms
and eventually lead to the compromising of the structural integrity of a long term load
bearing structural profile.
This thesis aims to address the lack of data currently found in the literature regarding
the creep behaviour of hand laminated structural composite materials, as they also commonly
require a degree of structural integrity over a number of years of service. The work is
primarily concerned with determining the long term structural behaviour of such materials
through accelerated test methods, while several creep modeling techniques adapted from the
literature are also investigated. The effect of temperature on the parameters of the accelerated
test methods is explored, while a practical design scenario involving a laminated composite
structural member in flexure is also undertaken using the finite element software ANSYS
II.0 and an accompanying theoretical model.

i

1.7 Organisation of Thesis
Chapter 1 provides the reader with a broad introduction to the subject and includes the aims
and objectives of the research as well as its significance.
Chapter 2 presents a review of literature on the creep behaviour of polymer composites. The
review includes an assessment of the work of several authors who investigated the effects of
temperature and moisture on the parameters of various creep models in their application to
polymer composites. A review of accelerated test methods and their application to polymeric
composites is also included.
Chapter 3 presents the results of time-temperature superposition applied to three types of
hand laminated glass reinforced polyester in flexure, in order to predict strain levels due to
creep for extended time periods.
Chapter 4 presents the results of an alternative accelerated test method known as frequency
time transformation for the determination of the viscoelastic functions of two types of hand
laminated glass reinforced polyester.
Chapter 5 describes procedures for static structural analysis of polymer composite structural
components.

This chapter also describes how creep parameters determined from

experimentation can be incorporated into a finite element model for transient analysis.
Chapter 6 outlines the overall conclusions of this work and provides recommendations for
future studies regarding creep behaviour in hand laminated polymer composites.
This work has also resulted in one conference publication entitled '"Creep Behaviour of Hand
Manufactured E-Glass Reinforced Polymer Composites"' (Appendix E), orally presented at
the 27^^ International Manufacturing Conference (IMC 27), September 2010. It is also
intended to deliver an oral presentation at the International Workshop for Computational
Mechanics of Materials, (IWCMM 21), August 2011, entitled "Characterisation of Creep in
a Hand Laminated Polymer Composite using Frequency-Time Transformations".

This thesis also follows the ISO; 690 (1997) system for referencing.
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2.1 Introduction
A large body of information is available on general creep behaviour in reinforced
plastics, however it is mostly scattered throughout the literature and without focus on hand
laminated materials. This literature review aims to focus the reader on previous studies
related to creep modeling and accelerated creep characterisation of polymer composites, as
well as environmental effects of temperature and moisture on the creep behaviour, which
leads to important considerations in FRP structural design.
The mechanisms of creep in fiber reinforced polymer composites according to
Diggwa and Norman (11), can be divided into five contributing factors,
> Creep of the glass
Creep of the resin
> Rupture of the glass
> Rupture of the resin
'r
Rupture or slippage at the interface
Hogg (12) explains that viscoelastic matrix deformation, matrix cracking and fiber
cracking at higher stress levels in fiber reinforced polymers, all contribute to the creep
response of the composite while moisture absorption can lead to plasticizing of the matrix,
effectively lowering the glass transition temperature and increasing the viscoelastic
behaviour. Hogg also reports that the creep response of a fiber reinforced polymer composite
will be largely dominated by the viscoelastic response of the polymer matrix, as glass fibers
in comparison to matrix materials will exhibit a high level of creep resistance at low
temperatures (12). This observation has lead to many viscoelastic models and creep models,
which were initially developed for polymers, to be applied also to polymeric composites.
Hogg also reports that the creep response at low stresses will be dominated by the
viscoelastic response of the matrix while for increasing stress levels microscopic fractures
hold an increasingly important role in the overall material response. Similarly, Guedes et al
(13) report that the resin and resin-matrix interface hold the greatest influence with regards
the transient properties. This chapter describes previous work related to the determination of
creep parameters of polymer composites under various conditions and the resulting design
considerations.

2.2 Review of Literature Related to Creep of Polymers and Polymeric Composites
2.2.1 Introduction
Creep is a phenomenon whereby a material undergoes a time dependant increase in strain
while exposed to a constant load. Traditional engineering metals are generally creep resistant
at relatively low temperatures and as a result the modulus of such materials at low
temperatures is said to be constant, (14). Polymers on the other hand will exhibit creep
behaviour at room temperatures and as a result the modulus of polymers is not constant but
will decrease as the duration of loading increases. Creep of polymeric materials is
traditionally divided into four stages. Under a constant stress, the polymeric material will
exhibit an initial elastic strain followed by what is known as the primary creep stage where a
relatively large transient increase in strain occurs. This is followed by the secondary creep
stage which is often estimated to be a constant slow increase in strain. Primary and secondary
creep of polymers is of great interest as they tend to be somewhat predictable. Often when
plotted on log-log axes, strain - time curves for polymer composites have been shown to
follow linear patterns (5, 13, 14) lending themselves to extrapolation. Finally, tertiary creep
involves a sudden increase of creep rate followed eventually by rupture of the material.
This transient behaviour has lead most polymers and polymer based composites to be
categorized as viscoelastic in nature, whereby the material is said to exhibit properties of both
a viscous fluid and an elastic solid. Viscoelastic materials exhibit a time and temperature
dependent stress-strain relationship and can be classified as linear or non linear. The strain
response of a viscoelastic material under constant environmental conditions can be expressed
as a function of stress and time.
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(2.1)

If the material is exposed to stresses within its linear viscoelastic range (LVR), equation 2.1
can be rewritten in terms of two separable functions, one stress-dependent g(o) and one time
dependent h(t) (15). Equation 2.1 then becomes.
€ = g{CT)h{t)

(2.2)

where the stress dependent function remains linearly related to the strain throughout the LVR.
In terms of the creep response of viscoelastic materials, the modulus of the material can be
said to be time dependent under constant environmental conditions within the LVR. The time
dependent strain E(t) can be expressed in terms of the time dependent modulus E(/),

tit) =

CJ
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(23)

A non linear viscoelastic material will possess a non linear stress and strain
relationship, as well as time dependent modulus E(t). For the majority of polymers, 1% strain
IS the approximate limit to the LVR (16).
Measurement of viscoelastic properties allows estimation of the long term response of
components and analysis of their stress and temperature dependence. While the presentation
of viscoelastic creep models tend to describe the variation of strain with time, it is often more
convenient to describe deformations in terms of creep compliance. Creep compliance is
defined as the time dependent strain divided by the applied stress and it allows creep data at
different stress levels within the linear viscoelastic range to be compared. Creep compliance
is often denoted, J(t), and is described mathematically by.

./C) =

£{t)
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(2.4)

The previous expressions, 2.1 - 2.4 describe the terms that are found extensively throughout
the literature in relation to the creep behaviour of polymer composites.

2.2.2 Creep of Polymers and Polymeric Composites
Research into the field of creep of polymeric matenals dates as far back as 1940’s, with
the first fiber reinforced plastics being developed at around the same time. These fiber
reinforced plastics gained popularity in the 1960’s and 1970’s with the increase in demand
for lightweight and durable structural materials, thus extensive research was conducted into
their structural behaviour. One of the fundamental methods into which the creep behaviour of
polymers is studied is creep modeling. Creep modeling involves the formulation of functions
that describe the transient strain response of a material, generally under static loads. Many
expressions have been developed to model isothermal creep at constant stress levels.
Generally these expressions can be fitted to experimental data by numerical techniques such
as the least squares method. The parameters of such functions can then be interpreted to
characterise the creep behaviour and in some cases the function can be extrapolated to predict
the future creep response. Extrapolation of creep data has been of great interest for many
years due to the considerable time involved in obtaining long term creep data by traditional
means.

Findley is one of the earliest researchers to have work published documenting long'm
creep measurements of polymers (17). The materials examined were unreinforced PVCid
polyethylene. Creep measurements were carried out in tension under constant stress t a
period of approximately 16 years (132,000 hours). Findley concluded that the cep
behaviour of both materials was shown to be reasonably well described by a powenvv
relationship, now commonly known as the Findley power law and expressed mathematidy
as.

£(t) = s.+mf

(4)

where 8(t) is the time dependent strain, Eo is the stress and temperature depennt
instantaneous strain, m is the stress and temperature dependent amplitude of the tranjnt
strain, n is the stress independent time exponent, and t is time. Findley continued these cep
measurements and eventually published 26 years of creep data for the same materials, (1).
Findley was able to show reasonable creep predictions over the total 26 year period (230.)0
hours), by solving the parameters of his power law relationship based on the initial DO
hours of data. Findleys model is recommended by the American Society of Civil Enginrs
(8) for use in design of fiber reinforced plastic sections exposed to long term loads. Findl’s
model was also applied successfully to model creep behaviour in polymer compete
structures and coupons by several authors (24-33).
Mottram investigated the short and long term properties of pultruded beam assembs
fabricated using adhesive bonding (19). Two assemblies were manufactured, each consisig
of two I-sections, 735x76x90mm, sandwiched between flat outer plates of 6mm thickns.
Materials were glass reinforced polyester and the assemblies were tested in three pot
bending to determine the elastic and viscoelastic behaviour respectively. The longer tm
tests were based on a load application of 22.8KN for a period of 24 hours. Findleys po'.r
law creep model was used to predict the long term deformation behaviour by coupling of e
predicted time dependent shear and flexural moduli with classical Timoshenko beam thee.
After the 24 hour loading period it was found that the central deflection had increased by ar
10%. By application of Findleys power law it was estimated that the central deflection wod
increase by 25%, 60% and 100% of its initial value in one week, one year and ten yes
respectively. Findleys power law was similarly developed into an expression for the tie
dependent flexural and shear moduli of a pultruded reinforced polymeric portal frame/
Bank and Mosallam (20). The viscoelastic, time dependent flexural modulus was expresd
as.

EJi,

where,

(2.5)

is the viscoelastic modulus, Eo is the initial elastic modulus and Et is the modulus

which characterises the time dependent behaviour. The viscoelastic shear modulus was
expressed similarly as.

a=

(2.6)
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where, CE is the viscoelastic shear modulus. Go is the initial shear modulus, Gt is the shear
modulus which characterises time dependent behaviour only and rig is the time exponent
related to shear. Bank and Mosallam used these equations and the original Findley equation
to model creep strains in a portal frame manufactured from FRP pultruded sections. The FRP
frame, shown in figure 2.1 was manufactured from glass reinforced vinylester and consisted
of two columns and a beam of 8x8x3/8 inch sections. The horizontal beam was loaded by
means of concrete weights while deflections and strains were recorded at various points with
deflection and strain gauges. The primary objective was to examine the transient tensile and
compressive strains in the beam flanges and the transient shear strain in the beam web. Data
was presented for a period of 3,500 hours however the loads was applied for an overall period
of 10,000 hours. It was concluded that creep had occurred during the experimental procedure
mostly during the first 2000 hours. The midspan deflection of the beam had also increased by
12.8% after 3500 hours.
It was also found that Findley’s model was adequate for obtaining creep parameters as
experimental data and Findley theory were in good agreement. By extrapolating the creep
parameters it was found that the shear modulus of the beam would reduce by approximately
46% while the flexural modulus would decrease by 35% over a period of 10 years,
highlighting the requirement for allowances in structural design with FRP due to time
dependent modulus changes.
Rahman and Holmes (21) also studied the flexural creep behaviour of glass reinforced
plastic

beams.

Three box beams were constructed containing bidirectional

glass

reinforcement. Each beam was simply supported and a load of 1/3 the short term ultimate
strength was applied at 1/3 span locations for approximately 21 months at room temperature.
It was found that the total deflection over 21 months was double that of the initial elastic
deflection and most of the deflection due to creep occurred in the first 1000 hours after the
load was applied, similar to the findings of Bank and Mosallam. Time dependent strain was

monitored on the shear web, tension and compression flanges. Three equations were derived
to describe the transient strains. It was found that tensile and shear strains could be reasonable
well described by at least one of the equations, while none of the equations were in good
agreement with the compressive creep data. This work highlighted the fact that such
problems cannot be approached with a traditional elastic theory, and some allowances must
be made for increases in deflection due to creep.

Kig. 2.1 I'RP pultruded frame analyzed by Bank and Mosallam (20), adopted from Bank and Mosallam (20.)

The work of Rahman and Holmes also highlighted the lack of agreement of compressive
creep data with Findley theory, a view which is in agreement with the EuroComp guideline
which states that little or no data exists for compressive creep of polymeric composites. This
gap in data was investigated in work by Scott and Zureick (22) whereby Findleys’ power law
relationship was applied to a number of e-glass/vinylester composite specimens loaded in
compression for periods up to 10,000 hours. The specimens were rectangular in shape and
were taken from a pultruded I-shape section. The specimens were loaded at 20%, 40% and
60% of the average ultimate compressive stress by means of a dead weight and lever arm
system. The parameters of Findley’s power law relationship were solved from empincal data
and the resulting curves were in reasonably good agreement with experimental results. Scott
and Zureick then proposed a predictive model for time dependent longitudinal modulus. The
model predicted a 28% stress independent reduction in longitudinal stiffness over a 75 year
period. A recent study in 2010 by Xu et al (23) made use of Findleys model to describe the

creep behaviour of natural fiber reinforced polymer composites. Other models used were the
Burgers 4-element viscoelastic model and a simpler two parameter model.
Many physical creep models such as the Burgers model have been developed based on
linear springs and dashpots. The Burgers model, which consists of the essential elements to
describe the creep behaviour of viscoelastic materials, comprises of a Kelvin element and a
Maxwell element in series as shown in figure 2.2 and divides the creep response into three
parts, an instantaneous elastic strain, a transient response and finally a steady state response.
Mathematically, the strain is given by.

£=d
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where Ej and E2 are the elastic moduli of the springs, rj] and rj2 are the viscosities of the
dashpots, S is the applied stress and / is the time. The total strain, £, at time, t, is the sum of
the strains in the individual elements. The parameters /fy, E2, t]i and r]2 can be obtained by
fitting the curve to experimental data.
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hlgZ.Z Physical representation of'the Burgers viscoelastic model.

In cases where the Burgers model fails to provide sufficient accuracy of fit to
experimental data, the number of Kelvin elements can be increased to form 6-element and 8element models. Unlike the Findley model, the Burgers model cannot be accurately used as a
predictive model over a long period of time as it assumes that a linear steady state of creep is
reached by the end of the test period. It has however been shown by Xu (24) that by
modifying the Burgers model by indexing the time parameters, a better fit to experimental
creep data for polymeric composites can be achieved. The modified 4-element and 6-element
models are no longer related to the physical representation and are described by equations 2.8
and 2.9,

e{t) = h^ +h^\-Qxp{-h^r)] + hJ^
£{t) =

+ h^[\ - Qxp{-b^t'')] + h^[\ - Qxp{-h^t”)] + hj”

(2.8)

(2.9)

where eft) is the time dependent strain, i is time, hj, b2, ^3, b4 and n are all constants
determined by curve fitting. Many other expressions have been developed to express the
creep response of polymers and reinforced plastics, many of which are summarized by
Sterrett and Miller (25) but few have received the same widespread acceptance as Findleys
model.
In recent decades, reinforced polymers became firmly established in the aerospace
and automobile industries and were also gaining attention in civil and structural applications
in the form of concrete strengthening and rehabilitation, storage vessels and as primary
structural members in bridges. At this time however, little standardization and published
material was in existence for design with such materials. In 1989, a particular group of
organizations with a common interest in structural design with polymer composites came
together to collaborate on what would become a general best practice guideline to structural
design with polymer composites. The result of the collaboration was the publication of the
EuroComp Design Code and Handbook (7). The EuroComp design code is intended for use
by civil and structural engineers, practicing their profession in the construction industry. It
provides design recommendations on topics such as connection design, fatigue, chemical
attack, impact, blast and also creep Although the EuroComp design code has no legal
standing, it represents the views of a wide body of academics and practicing engineers, and
hence is considered to be an industry best practice guideline. Regarding the effects of creep
on reinforced polymers, the EuroComp design code provides indicative creep curves showing
decreases in both strength and stiffness over time, under constant stress, for several types of
reinforced polymers in different loading scenarios. It is suggested that the factors that
influence creep include the materials used, volume fraction of fibers, processing method and
fiber orientation, as well as environmental effects such as temperature, chemical attack and
moisture. The EuroComp design code also recommends that suitably reduced values for
material modulus should be used to allow for long term deformations. Determination of the
reduced modulus can be achieved by directly obtaining creep plots over long time periods, or
by using accelerated means such as testing at higher temperatures.

2.3 Review of Literature Related to Environmental Effects on the Creep Behaviour of
Polymer Composites
2.3.1 Introduction
FRP composites are known to be sensitive to temperature and moisture (26).
Increased temperatures tend to soften the polymer matrix while moisture absorption tends to
damage the fiber-resin interface. These effects can lead to significant changes in mechanical
behaviour. Depending on the application, and the seventy of the environmental conditions,
such effects may be required to be taken into account in the design process. Dassapa et al (27)
report that in hot climates, glass fiber reinforced semi-structural components can reach
temperatures of over 80^C in direct sunlight. Kouadri-Boudjelthia et al (28) report that a
typical glass reinforced composite application may have to endure large variations in
temperature, for example in northern Algeria, where the annual range of temperatures fall
between -5^C and 47‘’C.

2.3.2 The Effects of Temperature and Moisture
The effect of temperature on the creep response of a reinforced polymer is well
described by the creep strain curves produced by Goertzen and Kessler (15). Although these
curves were produced for implementation of an accelerated measurement technique,
described later, it can be seen that an increase in temperature tends to significantly increase
the initial elastic deformation, while the shape of the curves tend to remain the same below
the glass transition temperature, 7'g.
Bhatnagar et al (29) investigated the tensile creep behaviour of e-glass reinforced
epoxy laminates at temperatures of 75°C, lOO'^C and i50®C and stress levels of 40%, 60%
and 80% of the short term ultimate strength. It was found that the viscoelastic behaviour of
the material was non-Unear with respect to stress and the non-Unearity increased with
increasing temperature. The authors also reported that the instantaneous creep recovery of
samples after unloading is approximately equal to the corresponding elastic deformation,
while the viscoelastic deformation was only slightly recoverable.
Kawai and Sagawa (30) investigated the temperature dependence of off axis tensile
creep rupture behaviour of a carbon/epoxy laminate. Plain coupon specimens with fiber
orientations ranging between

and 90® were subjected to tensile creep rupture tests at 60®C,

80®C and 130®C. It was found that off axis tensile creep rupture of the unidirectional

laminates was almost always along the fiber length, regardless of the temperature and fiber
orientation It was also found that the creep rupture curves, when plotted on log-log axes,
took the form of a straight line, regardless of temperature and fiber orientation.
The “on” and “off’ axis creep behaviour of polymer matrix composites was also
studied by Gupta and Raghavan (31). Carbon fiber/epoxy laminates were manufactured by
manually applying pre-impregnated layers on one another in a two-piece mold. The mold was
then cured under vacuum. Tensile creep experiments were carried out for durations of 1 hour
for on axis samples and 2 days for off axis samples. The test range of temperatures was 80160^C (below the glass transition temperature of the matrix), and stress levels were in the
range of 17-75% of the ultimate strength. Strain gauges were used to record the creep
deformations. The authors found that the effects of stress and temperature on creep were
significantly less for on-axis loading compared to off axis loading. The authors also noted
that the creep compliance of the specimens increased with an increase in angle between the
applied load and fiber direction, due to an increased contnbution from the matrix material.
Dasappa et al (27) investigated the effects of temperature on the creep behaviour of
continuous, randomly orientated glass mat fiber/polypropylene composites. A number of 30
minute creep, followed by 1 hour recovery tests were carried out on tensile coupons at stress
levels of 20 to 60MPa and temperatures of 25 to 90°C. The material was found to be linear
viscoelastic up to 20MPa. The authors developed a non-linear viscoelastic model which was
able to account for a wide range of temperatures and stresses. Tlie authors also recommended
not using the material at stresses greater than 60MPa especially at temperatures greater than
65T.
Several authors have contributed to the subject of moisture absorption in polymer
composites and the resulting effects on creep. One particular study by Guedes et al (13) was
concerned with the influence of moisture absorption on creep of glass reinforced polyester
pipes manufactured by the filament winding process Rectangular test specimens were taken
from pipes for creep tests in a dynamic mechanical analyzer (DMA). Test specimens were
either unconditioned, conditioned in water at room temperature, or conditioned in water at
50°C. It was found that preconditioning had strongly influenced the viscoelastic behaviour of
the materials although there was little difference between samples preconditioned in water at
room temperature and water at 50‘^C.
Panasyuk et al (32) investigated the creep behaviour of unidirectional glass reinforced
plastics at elevated temperatures while exposed to liquid media. Cylindrical specimens were

loaded in compression in a liquid solution at temperatures between 20 and

for 10 hours.

The authors reported that the effect of the liquid medium was to increase the creep rate of the
material. The onset of primary and secondary creep was also found at much lower stress
levels for materials examined in the liquid when compared to those tested in air.

2.4 Review of Literature Related to Accelerated Creep Testing of Polymer Composites
2.4.1 Introduction
It is widely accepted that creep of polymeric materials is strongly dependent on
temperature and time. Many advantages have come of this observation, one of which is the
realization that materials need not be examined under the actual time and temperature
conditions they will be exposed to in service. Instead, accelerated temperature methods and
the application of time temperature superposition to laboratory data can in some cases yield
long term reliable projections of material properties.

2.4.2 Accelerated Creep Testing
The effects of temperature on the creep rate of polymers are often used to accelerate
the creep process. Two common accelerating techniques are used, namely, the time
temperature superposition principle (TTSP) and time temperature stress superposition
principle (TTSSP). TTSP is generally used where the individual effects of stress can be
discounted, for example within the linear viscoelastic range. Many polymer and polymeric
composite structures are however exposed to stresses beyond that of linear viscoelasticity,
therefore the TTSSP is used to account for the effects of temperature as well as the individual
effects of stress. TTSP is based upon the observation that the extent of which creep is
accelerated or decelerated is sometimes proportional to the increase or decrease in
temperature. It is a well established technique in modeling creep in polymers and its origins
date as far back as the 1940’s (33).
TTSP has been applied in many studies in order to predict the long term creep
behaviour of composites and polymers with generally good degrees of success. In 2006,
Goertzen and Kessler (15) investigated the creep behaviour of carbon fiber/epoxy matrix
composite m tension and flexure. Flexural creep tests were carried out in a dynamic
mechanical analyzer for 3 hours each at isothermal temperatures between 30'^C and 75°C and
the principle of time temperature superposition was applied to generate the corresponding

master curves as seen in figure 2.3. Shift factors generated by the activation energy of the
glass transition relaxation were compared to a manual shifting procedure. Predictions of
modulus reduction and creep compliance levels were made based upon 50 years of service.
Although these predictions could not be compared to real time 50 year creep data, the
TTS principle highlighted dramatic increases in modulus reduction for increased reference
temperatures after 50 years. Constant activation energy assumptions also resulted in broken
master curves around the glass transition temperature, highlighting the fact that the constant
activation energy assumption holds only for temperatures below that of the glass transition.
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Fig 2.3 Construction ol the TTSP master curve, adopted from Goertzen and Kessler, (15).

Time temperature superposition was also used to study the long term creep behaviour
of several particulate dental composites (33). TTSP master curves were generated based upon
an oral environment based reference temperature of 37‘'C. The shift factors were fitted to the
Williams-Landel-Ferry model with good accuracy. Predictions for creep compliance levels
after 3 years were made. The increase in compliance levels were concluded to be heavily
influenced by the volume fraction of resin in the composite. The greater the resin volume
fraction, the greater the 3-year predicted compliance levels.
TTSP has also been shown to be applicable to natural fiber/polymer composites by
Xu et al (23). TTSP was applied to creep data generated over 30 minutes at isotherms ranging
from 35T to 85T. The resulting master curve was used to predict creep levels after 3 days
and these results were then compared to real time 3 day creep tests. The TTSP model showed

good predictions for PVC based composites, while it overestimated creep levels for HOPE
based composites,
Banik et al (34) analyzed the flexural creep behaviour of all polypropylene
composites in a dynamic mechanical analyzer in three point bending mode. Isothermal creep
tests were carried out at a stress level of lOMPa for 30 minutes at temperatures ranging from
20‘^C to 80°C in steps of lO^’C. The resulting creep curves were fitted with the Findley power
law, equation (2.4), the Burgers 4-element model, (equation 2.7) and were also used for
construction of TTSP master curves. The Findley approximation for creep strain levels after
10^ seconds were compared with the TTSP prediction. It was found that the power law
correlated well with the TTSP data up until lO'^ seconds, and predicted a significantly larger
creep strain prediction after 10^ seconds. The authors noted that the difference found between
Findleys model and TTSP were unforeseen, as both models are widely used for creep
predictions. The authors suggested that changes in the crystallinity of the material due to the
applied temperatures in performing TTSP experiments resulted in higher creep resistance and
a lower creep strain prediction than that of Findleys model. The authors also noted that the
creep behaviour was highly dependent on fiber orientation with respect to the direction of
loading. In a similar study by Greco et al (35), TTSP master curves were constructed for
polypropylene and glass fiber composites in flexure. Identical specimens were produced by
compression molding, with three different mold temperatures, 90‘’C, 110*^0 and 130*^0. The
TTSP master showed a significantly increased creep resistance for the specimens molded at
the higher temperature, supporting the suggestion that increases in specimen crystallinity can
alter TTSP master curves.
Brinson and Dillard (36) used TTSSP on a graphite/epoxy composite and compared
the generated master curve with real time creep test data up to 10"^ minutes with good
agreement between the results. Gramoll et al (37) used TTSSP to investigate the creep
behaviour of unidirectional Kevlar/epoxy specimens at orientations of

lO^’, and 90®. The

specimens were exposed to various stress levels at temperatures ranging from 30®C to 105®C
for twenty minutes. The resulting master curves were compared with real time creep data for
4 week durations. The agreement between the results was found to be in the region of 20%.
TTSSP has also been shown to be applicable to modeling creep in carbon fiber reinforced
polyetheretherketone (PEEK) by Ma et al (38). Short term tensile creep tests were carried out
at different temperature and stress levels. TTSSP was applied by including a vertical data

shift to account for the non-linear effect of stress. Unlike TTSP, reference conditions for both
temperature and stress were specified to create the creep master curves. In this case, the
TTSSP and Findleys power law were coupled in order to produce the horizontally and
vertically shifted master curves.
The coupling of the Findley equation with the TTSSP was also used to study the creep
behaviour of an E-glass/Epoxy composite in tension (39). The reinforcement consisted of
woven glass fiber cloth and was impregnated into the epoxy matrix by means of a resin
injection technique. Tensile creep tests were earned out on rectangular specimens at
temperatures of 35°C, 55‘’C and 75''C and at each temperature, stresses of 30MPa, 50MPa and
VOMPa were applied. Creep data was then plotted on a log-time axis and the individual
curves were shifted vertically and horizontally until smooth master curves were obtained
allowing the effect of stitching on the long term creep response to be studied. It was shown
that stitched fibers can improve the creep performance, as long as the stitching material is
oriented in the direction of loading.
Yen and Morris (40) also applied TTSSP coupled with Findleys model to a chopped
glass fiber/polyester composite in order to investigate the creep behaviour. Dogbone
specimens were prepared from a sheet molding compound and were tested for periods of 200
minutes on a lever arm creep frame at stresses of 11%, 20%, 30% and 36% of the room
temperature ultimate strength. Four temperatures were used at each level of stress, 23‘’C,
40'’C, TO'^C and lOO'^C. Master curves were generated for room temperature and results when
compared to a 1000 minute creep experiment were in good agreement. Yen and Williamson
(41) also used Findleys model coupled with TTSSP to further characterise the creep
behaviour of glass/polyester sheet molding compounds. The fibers in the test specimens were
oriented at 15"^ to the axis of the applied tensile load. A series of eighteen minute tests were
carried out at temperatures of 23®C, 38^C, 66°C, and 93‘’C. Master curves were developed for
periods of 47 days and 500 days and the maximum difference between the Findley model and
TTSSP master curve predictions for the reference condition of 23°C and lO.SMPa was found
to be 5%.
Although the results of TTSP and TTSSP have been generally good, several authors
have expressed caution when using temperature to accelerate the effects of creep as the harsh
environmental conditions raise the possibility of causing chemical and physical ageing of the
material (42), (43). Hence, alternate methods of determining the long term creep behaviour
without exposing materials to aggressive environments are desired. One such technique is

known as frequency-time transformation (FTT). It is well known that for viscoelastic
materials, a Fourier transform pair exists between the frequency domain complex modulus
and the time domain relaxation modulus, similarly, a Fourier transform pair also exists
between the frequency domain complex compliance and the time domain creep compliance
(43, 44).

Frequency time transformations were firstly applied to a polymer composite by

Gibson et al (42) in order to transform viscoelastic material properties from the frequency
domain to the time domain. The technique is based upon oscillatory stress-strain
measurements taken over a range of frequencies. Gibson et al applied the technique using a
servohydraulic testing machine to develop a series of frequency domain stress-strain
hysteresis loops, from which the storage and loss modulus could be determined.
The dynamic complex modulus at a given frequency could then be expressed in terms
of storage modulus and loss modulus,
K*(f) = EXf) + iE\f)

(2.10)

where, E'^(f) is the complex modulus, E'(f) is the storage modulus, E"0) is the loss modulus
and / is the complex operator representing the square root of -1. The time domain creep
compliance was found from plots of storage modulus and loss factor versus frequency. The
complex modulus data was expressed as complex compliance and inputted into an inverse
fast Fourier transform (IFFT) algorithm. The time domain creep compliance could then be
expressed as.

(2.11)

where, J(t) is the time domain creep compliance, .7*09 is the frequency domain complex
compliance and F‘ is the inverse fast Fourier transform. Gibson et al applied this technique
to glass reinforced polyphenylene sulfide PPS specimens loaded in tension at frequencies in
the range of 0.001 to IHz. The frequency domain data was transformed via the calculation
described above and the time domain creep compliance was found for a period of 10^
seconds. The results were compared with TTS data (figure 2.4) for the same material and
were shown to be in good agreement. It was however concluded that in order to use the
method as a means of accelerating creep effects, low frequency data is required.
Extrapolation of high frequency data to lower frequencies must be feasible, as the time
required to record low frequency data may not be very much less than the time required for
an actual time domain creep test. Gibson carried out experiments at the lowest frequency of

0.001 Hz and extrapolated the data to much lower frequencies of 0.000062Hz. The output
time record length was also said to be dependent on the maximum frequency and the number
of discrete frequencies inputted to the IFFT. The authors also noted that the instantaneous
compliance at t = 0, was found by taking the inverse of the instantaneous relaxation modulus
at an arbitrarily high frequency of 10^ Hz or alternatively a static test could have been
performed.
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Fig 2.4 Comparison ot creep curves from frequeney-time transformation and time-temperature superposition, adopted from
Oibson et al, (42).

The frequency-time transformation method was also used by Gibson et al (44) to
measure the compressive creep behaviour of glass/PPS composites in dry and wet conditions.
The authors determined the compressive complex modulus from load-strain hysteresis loops
gathered over a range of frequencies on a servohydraulic universal testing machine.
Regression equations were fitted to the real and imaginary parts of the complex compliance
for input to the IFFT. The results of the frequency-time transformations correlated well with
experimental creep curves. Wen et al (45) also used a similar technique to characterise the
creep behaviour of polyetherimide (PEI) and a glass/PEI composite in flexure. The frequency
dependent properties were combined with TTSP to create a master curve which was
transformed into the time domain. The authors also carried out static creep tests which
correlated well with the transformed material data.
More recently in 2008, Parot and Duperray (46) developed a semi analytical
algorithm for the synthesis of the exact time domain creep compliance and relaxation

modulus of a linear viscoelastic material from the complex modulus and found good
correlation with other approximate methods.

2.5 Conclusions
1) The creep behaviour of hand laminated structural profiles has not been extensively
researched. The creep behaviour of thermosetting polymers manufactured by the open
mold hand lay-up technique has also not been well researched at coupon level.
2) The creep behaviour of pultruded profiles has been investigated at full scale and
coupon level by a limited number of authors.
3) Current standards such as BS 4994 (1987), (specification for the design and
construction of vessels and storage tanks in reinforced plastics) and best practices
such as the EuroComp design code, offer limited information as to what parameters
should be included into the design process to account for creep effects in structural
sections.
4) Creep in glass reinforced/thermosetting polymer composites has been investigated by
several authors, and accelerated techniques as well as analytical models have been
applied successfully over a wide range of stresses and temperatures, in order to
characterise the creep behaviour.
5) The creep response of glass reinforced/thermosetting polymer composites is strongly
influenced by temperature and moisture.
6) The creep response is also influenced by fiber onentation with respect to the applied
load. The viscoelastic effects of the matrix on the overall creep response can be
minimized if the material is loaded along the axis of the fibers. For off axis loads, the
viscoelastic matrix has a greater effect on the overall creep response.
7) Findley’s power law is used extensively throughout the literature to model creep in
fiber reinforced polymer coupons and to a lesser extent structures.
8) Time-temperature superposition and time-temperature-stress superposition have been
used with generally good degrees of success at coupon level for pultruded and resin
transfer molded composites. Neither of these techniques has been used in a full scale
experiment on a structural component.
9) There are currently limited alternatives to the time-temperature superposition
principle when attempting to accelerate creep in a polymer or polymer composite. The
use of frequency domain measurements accompanied by mathematical routines to
reconstruct the time domain creep response has been shown to be applicable to an
aerospace grade polymer composite by Gibson et al (42).
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3.1 Introduction
This chapter describes the flexural creep behaviour of three types of glass reinforced
polyester, at stress levels within the LVR. The ultimate aim of this chapter is to determine the
long term flexural creep response by carrying out a series of short term flexural creep
experiments at coupon level, at progressively increased isothermal temperatures. The
advantage of using this technique is that long term data describing the linear viscoelastic
creep compliance can, in certain circumstances, be obtained through a short term experiment.
Although the use of TTSP in order to characterise creep in polymer composites is common in
current literature, little evidence is found regarding its application to hand laminated
composite materials intended for use in civil and structural engineenng applications. In the
present work, TTSP is used to generate creep master curves for three types of material at
three reference temperatures, 35‘’C, 45X and 55°C, allowing the long term creep
performance to be assessed. The validity of TTSP is investigated by exploring the
temperature dependence of the superposition. The long term predictions for a reference
temperature of 35°C are compared to several creep models fitted to data from a series of 50
hour creep experiments.
3.2 Theoretical Background
The mechanical properties of polymers are well known to be both time and temperature
dependent. TTSP allows viscoelastic properties measured over fixed periods of time and at
different temperatures, to be superimposed on a logarithmic time axis by fixing the position
of the reference curve and shifting every other creep compliance curve horizontally by some
temperature dependent shift factor, (log at), in order to generate a creep master curve. The
creep master curve then represents the linear viscoelastic response of the material at the
reference temperature. The extent of horizontal shifting can be described by two common
models The first, known as the Arrhenius model is based upon a constant activation energy
assumption and is given by,
Log at =

E.

(3.1)

where, Ea is the activation energy, (the minimum energy required to initiate the creep
process), R is the universal gas constant, T is the test temperature and TVe/is the reference
temperature. Another common model used to determine shift factors is known as the
Williams-Landel-Ferry (WLF) model, and it takes the form.
Logoff- —

(3.2)

where Cy and C2 are material constants, T and Tref are test and reference temperatures
respectively. The Arrhenius equation is generally used to describe shift factors below the
glass transition temperature where the WLF model is invalid, (15). It has been reported by
Tajvidi et al (47) that the TTSP holds when the following conditions are met:
adjacent time dependent creep curves have the same shape,
> the shift factor, at, has the same value for all viscoelastic functions,
> the shift factor, at, exhibits a temperature dependence of a reasonable form.
A similar technique known as time-temperature-stress superposition (TTSSP) includes
stress effects in TTSP by incorporating an additional vertical shift factor and can be useful
when experimenting m the non linear viscoelastic range. If the principle of time temperature
superposition can be shown to be valid for the material in question, then the creep master
curves can be used to reliably predict creep levels at time scales far beyond that of the
original test duration. Those polymers that allow the applicability of TTS by horizontal
shifting alone are sometimes referred to as thermorheologically simple materials, (TSM)
(48,49). According to Schwarzl and Staverman, (48), one necessary condition for TTSP is
that a function of temperature must exist, (such as Arrhenius or WLF), such that the time and
temperature dependence of the material can be separated. In contrast, thermorheologically
complex materials, (TCM), require a vertical shift prior to horizontal shifting in order to
create a master curve representing long term behaviour, (49). The vertical shift associated
with TCM is due to non-linear behaviour. Ma et al (38) used Findleys’ equation coupled with
TTSSP to express the tensile time, stress and temperature dependent strain of a carbon fiber
reinforced PEEK composite as.
£'(cr,T,t) = fo(<rj,T) +w(^7,T)/"

(3.3)

The creep response for a given reference condition, (Gq,Tq) could then be described
by the inclusion of vertical and horizontal shift factors, a^ and h^.

T,0 =

i'oT)

+ m((7,T)(/ /\

(3.4)

where the vertical and horizontal shift factors are described as.
(3.5)
(3.6)
In the present work, the linear viscoelastic creep response is the main concern,
therefore the construction of linear viscoelastic creep master curves is the key objective. The
construction of a linear viscoelastic TTSP master curve is well described by Dasappa et al,
(27), for a fiber reinforced polymer composite. Figure 3.1 shows the raw creep data generated
by Dasappa et al, in tension at stress levels within the linear viscoelastic range.

(a)

(T)

Hg 3.1 (a), Raw creep data lor TTSP, (b) TTSP master curve for a random glass mat thermoplastic composite, adopted
from Dasappa et al, (27).

The reference curve, here selected to be 25^C, is held stationary while all other curves are
shifted to the right on the log time axis. According to Ward (16), the shift factors when
described by Arrhenius behaviour, can be expressed by a plot of log at vs. 1/T, which should
be linear if TTSP is applicable.

3.3 Description of Materials
All specimens used in these experiments were derived from sheet moldings manufactured by
an FRP tank fabricator with over 30 years experience in reinforced plastics fabrication.

I^MI

Randomly Oriented
CSM Fibers

b

um

Hg 3.2 (Top), Bidirectional and CSM reinforcement, (Middle), Optical microscopic images (5x) of the mold surface of a
CSM & bidirectional fiber laminate showing internal voids and surface defects, (Bottom), SEM Images of stitched
bidirectional fibers and randomly oriented fibers.

3.3.1 Matrix Material
The matrix material used was a quick curing orthophthalic grade polyester resin
specifically designed for the filament winding process.

It is typically used in the manufacture of water, oil and petroleum storage tanks and oil and
water pipes. Polyester is a thermosetting polymer with an amorphous structure and exhibits a
glass transition temperature, Tg, at which the material turns from glassy to rubbery in nature.
At temperatures above the glass transition temperature the structural properties become
significantly reduced, hence the operating temperature of the material should always be
below the glass transition temperature. The resin was combined with 1.0% catalyst and 0.5%
accelerator to aid the curing process.
3.3.2 Reinforcing Material
The reinforcing material used was fibrous e-glass supplied to the FRP tank fabricator
in cloth form. The materials examined were selected as they were used in FRP tank roof
support beams. The first material examined consisted of a single layer of CSM cloth
comprising of 50mm long, randomly oriented fibers and had a weight of 0.6Kg/m^. The CSM
material is generally used to give reasonable strength in all directions. Also, moisture ingress
at the fiber-resin interface is limited due to the fact that each fiber is only 50mm long. The
second material consisted of a bi-directional stitched cloth [0‘^,90'’] each with weight of 0.28
Kg/m^, backed with CSM of 0.33Kg/m^ in weight, giving a total weight of 0.9Kg/m". The
third material examined was a combination of the previously described materials, with the
single CSM layer applied to the surface of the second material. Each specimen was machined
from a sheet molding to a length of 60mm and a width of 13mm with a miniature rotary
abrasive cutting disc. Specimen thickness was dependent on fiber architecture and was in the
region of lmm-3mm. The fiber volume fraction was determined from manufacturers’ data
and by weighing the individual sheet moldings. The volume fraction was determined as being
between 21% and 24% for all specimens. Figure 3.2 shows the cloth reinforcement used as
well as optical images of the composite surface and SEM images of the fibers. Internal voids
and defects on the surfaces of the specimens can be seen which are characteristic of the
manual manufacturing process.

The following is a sample calculation detailing how the typical volume fraction was
determined, in this case a CSM sheet molding is used as an example.
E-glass density (from manufacturer) = 2.56g/cm^
Resin density (from manufacturer) =1.15g/cm^
CSM Sheet molding weight = 0.092Kg
Sheet molding area = 301mm x 208mm
Weight of CSM fiber cloth (from manufacturer) = 0.6Kg/m^

Weight of CSM in the sheet molding = 0.0375Kg
Weight of resin in the sheet molding = 0.0545Kg
From the weights of resin and CSM cloth in the sheet molding supplied from the
manufacturer, the resin;fiber weight ratio is 1.45:1. This corresponds to a resin weight
fraction of 60% and fiber weight fraction of 40%. In order to convert the weight fractions to
volume fractions, the densities are used. The fiber volume fraction can be expressed as.
/•:h/

(3.7)

D, \

where, Fvf is the fiber volume fraction, Fwf is the fiber weight fraction, Df is the density of the
fiber and Dr is the density of the resin.
Substituting in the values yields.
0.4
0.4 + (l-0.4)^

2.56
1.15

= 0.23

In this case the fiber volume fraction was estimated at 23%.

3.4 Instrumentation
Raw data for TTSP experiments was collected in a dynamic mechanical analyzer
(DMA), TA Instruments model Q800. Dynamic mechanical analysis is one of the most
common methods used to determine the viscoelastic and thermal properties of polymers. The
DMA uses a frictionless drive to apply small deformations to a material in a cyclic manner
however static loads can also be applied.

Kig3.3 TA Instruments DMA Q800, left, three point bending fixture with specimen mounted, right, DMA instrument.

A sensitive optical encoder records the movement of the drive shaft. The instrument has a
maximum drive shaft force of 18N and a maximum furnace temperature of bOO^’C. A liquid
nitrogen gas cooling accessory (GCA) is also available for experiments at sub-ambient
temperatures. Several modes of deformation are available including single and dual
cantilever, tension, compression, shear and 3-point bending.
Typical experiments include the determination of safe or reliable operating temperature
ranges for polymer components, determination of the effects of polymer blending with
respect to temperature and determination of the curing characteristics of various polymers. In
regards to characterisation of polymer composites, several authors have used dynamic
mechanical analysis in their studies. In the current work, all experiments were computer
controlled using TA Instruments’ Thermal Advantage software. For all experiments, the
DMA was set up in 3-point bending mode as is depicted in figure 3.3. Additionally, TA
Instruments Universal Analysis and Rheology Advantage Data Analysis software packages
were used to analyze the raw data.

3.5 Experimental Methods
3.5.1 Determination of the Glass Transition Temperature, Tg
The EuroComp design code (7) specifies that accelerated test methods may be used to
characterise creep in polymer composites using temperature as the accelerant, however the
limiting temperature used should be at least lO^C below

Tg.

In order to determine this

terr.perature, an oscillatory DMA experiment was carried out at a temperature ramp rate of
S^'C/min and oscillation frequency of IHz. The glass transition temperature is known to be
dependent on frequency, however the dependence tends to be relatively weak as the

Tg

changes by about 3^C per decade, (50), which makes a single value comparison helpful for
polymers. There are three common techniques used to identify

Tg,

the tan delta peak method,

the loss modulus peak method, and the storage modulus onset (51). Three specimens of each
material type was used. A typical result of this oscillatory experiment is shown in figure 3.4.
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Fig 3.4 Measurement of the glass transition temperature by three methods, storage modulus onset, loss modulus peak and tan
delta peak.

The tan delta peak method measures the tangent of the angle between the applied
sinusoidal stress and the measures sinusoidal strain and suggests a glass transition
temperature of 90°C for the CSM and CSM/CSM/Bidirectional samples while for the
CSM/Bidirectional material,

Tg

was found to be 98'^C. This is the highest temperature of the

three methods and is a good indicator of the middle region between the glassy and rubbery
states of a polymer. The loss modulus peak method placed the glass transition temperature at
approximately

and is associated with physical changes related to the

Tg,

The storage

modulus onset method revealed a glass transition onset temperature of 52‘'C for the CSM and

CSM/CSM/bidirectional material while the CSM/bidirectional material exhibited a Tg onset
temperature of 60‘^C. This method identifies the lowest temperature associated with the Tg
and is known to be related with mechanical failure, (52). The results would suggest that a
structural component may be prone to heavily diminished mechanical properties at
temperatures above 50°C. In terms of a limiting temperature for TTSP, the Tg values used
were those determined by the tan delta peaks as this method is used historically in the
literature (51). As the limiting temperature for TTSP should then be lO^^C below the Tg
according to the EuroComp design code, a limiting temperature of 80°C was used for all
experiments.

3.5.2 Estimation of the Activation Energy, Ea
The activation energy Ea represents the minimum energy threshold which must be
overcome to initiate the molecular activity required to begin the creep process and according
to the Arrhenius equation, (equation 3.1), it is one of the determinant factors in establishing
the extent of horizontal curve shifting in TTSP. The shift factors for construction of creep
master curves can also be estimated from the frequency dependence of the glass transition
relaxation (15). As this can be a useful method for estimation of shift factors without the
construction of master curves, a series of oscillatory experiments at four frequencies were
carried out on the DMA in order to investigate the frequency dependence of the relaxation
and initially estimate the activation energies.
Figure 3.5a shows the determination of Tg by the peak of the tan S curves for
frequencies of 2,5,10 and 20 Hz, oscillation amplitude of 25pm and temperature ramp rate of
2‘’C''min. In a previous study by Goertzen and Kessler (15) a temperature ramp rate of
2°C/mm was found to give useful estimations of the activation energy for a carbon/epoxy
composite. The activation energy required to initiate the creep process can be estimated by
determining the slope of the plot of ln(f) vs. T Tg as shown in figure 3.5b.The activation
energy is then given by.

a:

=

^(ln(/))
-R

(3.8)

In the example shown in figure 3.5a the activation energy is expressed in kilojoules per mole.
E^ = -(8.314A - 3)(-32.88E + 3) = 213Kj / mol

(3.9)

According to Goertzen and Kessler (15) this method of estimating the activation
energy is a useful technique as the honzontal shift factors can be determined without the need
for constructing the creep master curve.

(a)

(b)

lOOOAr^(K)
Fig 3.5 (a) Oscillatory temperature ramp experiment showing the increase in the tan delta peaks with increasing frequency
and (b) linear relationship between T^, and oscillation frequency.

In the present work, the activation energies are estimated by this method from three
specimens of each material and are compared with those determined by manually shifting
each creep curve and determining the activation energy based upon the Arrhenius equation.
These experimental results are given in appendix B.

3.5.3 Stress/Strain Behaviour
In order to confirm the linear elastic behaviour at elevated temperatures for
each material, several stress-strain experiments were conducted at increasing isothermal
temperatures in the DMA.
Figure 3.6a shows the stress-strain behaviour of the three material systems at 35‘’C
and as expected, each material remains linear elastic within the operating range of the DMA.
Figure 3.6b shows the stress-strain behaviour for the three materials at SO^'C. As expected, the
materials display a significant reduction in stiffness due to the increase in temperature.
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Fig 3.6 Stress-strain curves for the three reinforcement types in flexure at (a) 35°C and (b) SO^C.

(b)

The CSM/Bidirectional material and the CSM/CSM/Bidirectional specimens also have
almost identical stiffness at 35”C however at 80*^0 the stiffness’s are significantly different
suggesting that the fiber types have an effect on the thermo-mechanical response. The three
matenals also remained linear elastic at 80*^0. For the thicker material specimens, 12MPa was
the maximum flexural stress the DMA could produce, therefore 12MPa was chosen as the
constant stress level for all TTSP experiments.

3.5.4 Creep TTSP Measurements
Creep measurements were earned out for 2 hours in the DMA, at constant
temperatures between 35°C and 80*^0 in increments of 5^, with periods of soaking at each
isothermal temperature. A total of four specimens of each material type were used. The stress
level was kept constant at 12MPa for all experiments. Using 35‘'C, 45‘^C and

as the

reference temperatures, the curves were shifted along the time axis producing master curves
from which creep data at extended periods of time could be read. A series of 50 hour creep
tests were also carried out for four specimens of each material type, at 35‘’C and constant
stress level of 12MPa. Several viscoelastic models were fitted to the data by minimizing the
sum of squares and stiffness reductions for 1 and 10 years were predicted.

3.6 Results
3.6.1 Time-Temperature Superposition
Figures 3.7a, 3.7b and 3.7c show the typical creep strain curves versus test time for each
material type, at isothermal temperatures ranging from 35X to 80®C in increments of 5°C.
After each temperature increment the samples were allowed to relax and soak before the load
was applied again. The increasing temperature can be seen as having the effect of increasing
the instantaneous deformation in all specimens. For the purely CSM reinforced specimens,
the increase in temperature did not appear to affect the characteristic shape of the curve. For
the CSM/Bidirectional and CSM/CSM/Bidirectional reinforced materials, the increasing
temperature did appear to affect the shapes of the creep curves. The creep rate in the
CSM/CSM/Bidirectional reinforced specimens, which closely represents materials found in
thin walled structural profiles, appeared to increase significantly around the glass transition
temperature, as significant differences can be seen between the 55®C and 75^ curves.

The CSM/Bidirectional reinforced specimens also exhibited non-linear creep rates with
increasing temperature. The effect of temperature on the creep parameters of the specimens
can be seen in figure 3.8a, 3.8b, and 3.8c, where the Findley model creep parameters m and n
are plotted against temperature. The procedure for evaluating these parameters was identical
to that described by Scott and Zureick (22). Figure 3.8a shows the average Findley creep
parameters for the purely CSM reinforced specimens. The increasing temperature has the
effect of increasing parameter m linearly while parameter n, which best describes the rate of
creep, stays relatively constant up until a temperature of 70®C. Figure 3.8b shows the Findley
creep parameters for the CSM/Bidirectional

reinforced specimens.

The increasing

temperature again has the effect of increasing parameter w, however a significant non
linearity exists around temperatures of bO^’C in comparison to the purely CSM reinforced
specimens. The n values for the CSM/Bidirectional material in figure 3.8b show slightly
increased variation when compared to those for the purely CSM material in figure 3.8. This
variation in the n value is also seen in figure 3.7b for the CSM/Bidirectional material where
the change in shape of the creep curves at temperatures of 55‘'C, bO^’C and bS^'C has resulted
in the curves almost overlapping, whereas in contrast, the corresponding CSM creep curves
in figure 3.7a show almost identical shape.
The creep rates of the CSM/Bidirectional specimens are similar to the purely CSM
reinforced specimens, with the Findley parameter n consistently below 0.2 and relatively
constant. Figure 3.8c shows the Findley model parameters for the CSM/CSM/Bidirectional
reinforced specimens. The increasing temperature again increased parameter m, however a
much larger increase in m is seen at temperatures between SS'^C and 75°C in comparison to
the lower temperatures. The parameter n appears to increase over the range of 35‘’C to 55®C,
with the largest creep rate of all three specimens seen here at a temperature of 55®C.
The analysis of the creep parameters shows that the purely CSM reinforced specimens
show almost ideal behaviour for the application of TTSP. The reinforcement type also has a
significant effect on the temperature dependence of the creep parameters. The long term
creep predictions for the CSM/Bidirectional and CSM/CSM/Bidirectional specimens by
construction of a TTSP master curve are unlikely to be appropriate as the prerequisites for
TTSP given by Tajvidi et al (47) and discussed in the literature review are not apparent.
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Fig. 3.7 Raw data for the application of TTSP in the form of 120 minute isothermal creep curves, (a) CSM reinforced
composite, (b) CSM/Bidirectional and (c) CSM/CSM/Bidirectional.
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Hg. 3.8 Variation of the Findley equation parameters m and n with increasing temperature for (a) CSM reinforced only, (b)
CSM/Bidirectional and (c) CSM/CSM/Bidirectional reinforced.

Creep compliance master curves for each specimen type were constructed using TA
Instruments’ Rheology advantage software. In order to apply TTSP, the raw data was
replotted on logarithmic time axes. The reference curve was selected and held stationary
while every other curve was shifted horizontally to the right by the software until the
smoothest master curve was obtained. This is referred to as the manual curve shifting
procedure (15). The master curve generated then reflects the linear viscoelastic creep
compliance at the selected reference temperature. In the case of creep curves which are
generated at a lower temperature than the selected reference temperature, curve shifting takes
place to the left. The master curves shown in figure 3.9a, 3.9b and 3.9c represent the
compliance level within the linear viscoelastic stress range for reference temperatures of
35‘^C, 45‘^C and

respectively. All master curves produced were smooth in appearance

using the manual curve shifting procedure. Although the individual curves fit well to form a
single mastercurve, the shape of the individual curves for the CSM/CSM/Bidirectional
material is quite different. The figures show the generated master curves with times of I and
10 years also indicated. As noted by Dassapa et al (27) and as can be seen from figure 3.9,
the ranges of the master curve predictions decreases with increasing reference temperature.
Using reference temperatures of 35‘’C, 45‘'C and 55‘'C, the maximum duration of compliance
predictions were >1000 years, 30 years and 3 years respectively.
In order to investigate the temperature dependence of the extent of horizontal curve
shifting, the absolute value of the horizontal shift factor log(at) was plotted against
temperature and is shown in figures 3 . lOa, 3.1 Ob and 3 .10c for the three material systems and
three reference temperatures. According to Tajvidi et al (47) one requirement in validating
the use of TTSP is that this relationship should hold a “reasonable form”. In this study the
Arrhenius equation (equation 3.1) which is valid below Tg (15), is used to investigate the
relationship between the horizontal shift factors and temperature. Figures 3.10a, 3.10b, and
3.10c show the typical shift factor temperature dependence for each material system as well
as the Arrhenius fits and calculated activation energies. According to Arridge (53) if the
viscoelastic processes that govern the creep behaviour of the material are describable by the
Arrhenius equation, then the log(at) vs. 7’plot will be linear. Table 3.1 shows the average
activation energies determined by the manual curve shifting procedure, with the
corresponding standard errors indicating the accuracy of fit of Arrhenius behaviour to the
shift factors, as well as the average activation energies determined from the frequency
dependence of the glass transition relaxation.

(a)

(b)

Log [Time (s)]
Fig. 3.9 Creep compliance master curves for the three material systems generated at reference temperatures of (a) 35°C (b)
45‘’C and (c) 55X.

(c)

(a)

(b)

JZ

Cc)
Hg. 3.10 Horizontal shift factors vs. test temperature for each material system at reference temperatures of (a) 35°C, (b)
45°C and (c)
The solid line represents the corresponding Arrhenius fit.

The CSM reinforced specimens showed consistently low standard errors of fit to
Arrhenius

behaviour,

in

the

region

of

20.

The

CSM/Bidirectional

and

CSM/CSM/Bidirectional displayed a lesser accuracy of fit to the Arrhenius equation with
standard errors in the region of 55 and 40 respectively. The reasonable fit of the Arrhenius
equation for the purely CSM reinforced material suggests that a constant activation energy
assumption is reasonable and the time and temperature dependence of the material can be
successfully decoupled, therefore a firm level of confidence exists in these TTSP
mastercurves. The lesser accuracy of fit of Arrhenius behaviour for the other materials
suggests a more complex behaviour with respect to increasing temperature is introduced with
the introduction of bidirectional reinforcement. The activation energies determined by the
frequency dependence of the glass transition were more consistent across the three
reinforcement types. This would be expected as the activation energy is related to the amount
of energy needed to allow creep in the resin to take place and therefore should be independent
of fiber construction. The activation energy values determined by this method were also
significantly lower than those estimated by fitting to the Arrhenius equation. This, when
coupled with the fact that the activation energies were more consistent across the three
reinforcement types when determined by the frequency dependence of the glass transition,
suggests that the activation energies determined and hence the shift factors used in TTSP may
not be appropriate for long term predictions.
Table 3.1 Average aetivation energies and standard errors determined from manual
curve shitting and frequency dependence of the glass transition relaxation.
Reinforcement
CSM

CSM/Bidirectional

CSM/CSM/Bidirectional

TrefCC)
35
45
55
35
45
55
35
45
55

Arrhenius

(Kj/mol)
330.1
337.5
338.4
286.3
255.7
278.5
321.9
314.4
327.9

Standard Error
18.4
16.9
21.7
54.5
52.9
72.8
37.9
41.9
46.9

(f) dependence

(Kj/mol)
207.8

207.7

269.7

Table 3.2 shows the average percentage compliance increases predicted by TTSP over
1 and 10 years for each material type, at reference temperatures of 35°C, 45‘^C and 55*^0. The
TTSP data generated is in agreement with the existing literature in that most of the creep
strain occurs after the initial period of load application i.e. in this case, the first year. The
CSM reinforced material showed in the region of 80% to 87% increases in initial compliance
after one year, while this typically increased only by a further 30% over the next nine years.

Table 3.2 Average percentage compliance increases from the instantaneous compliance for
periods of 1 and 10 years for reference temperatures of 35°C, 45°C and 55°C.
Average Compliance Increase (® b)
Reinforcement
IrefK C)
I Year
10 Years
35
80.09
108.30
eSM
87.81
45
111.01
81.86
55
N/A
35
66.62
88.82
C SM/ Bi di recti onal
45
75.31
92.39
75.77
55
N/A
35
214.74
124.12
CSM/CSM/Bidirectional
215.10
45
257.28
55
217.12
N'A

The CSM/Bidirectional material showed a greater resistance to creep effects, with
TTSP predicting a 66% to 75% increase in initial compliance after 1 year, with this figure
increasing only by a further 20% over the next 9 years for temperatures of 35®C and 45‘’C.
The nonlinear behaviour displayed by the CSM/CSM/Bidirectional material resulted in what
is likely to be exaggerated predictions for 1 and 10 year compliance increases.

3.6.2 Application of Creep Models
This section describes the application of three creep models that were used as an alternative
to TTSP in estimating the long term creep behaviour of the three material systems. Each
model had the parameters solved for based upon a series of 50 hour creep experiments carried
out in flexure at 35*^0 in the DMA. The three creep models used were Findley (equation 2.4),
and a modified 4-element Burgers and a modified 6-element Burgers (equations 2.8 and 2.9)

(a)
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Time (Hours)

40
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(b)

Fig. 3.11 (a) Solving for the Findley equation parameters m and n and (b) raw data from 50 hour creep tests at 12MPa. 35°C.
The solid line represents the Findley equation fitted to the experimental data.

The parameters of the Findley equation were solved empirically by plotting the results on
logarithmic axes as described by Scott and Zureick, (22).

Rearranging equation 2.4 and taking the log of both sides gives,
loglf(/)-fol = log(w) + /7log(/)

(3 10)

When log[8(t)-So] is plotted versus log time, a straight line is produced with slope, n, and
intercept ni, at unit time.
Figure 3.11a shows experimental data produced over 50 hours plotted on log-log
scales in order to identify the Findley parameters. As was expected, the purely CSM
reinforced specimens and the CSM/CSM/Bidirectional specimens produced the highest creep
rates. The CSlVl/Bidirectional material displayed the highest resistance to creep and the least
amount of instantaneous deformation. The instantaneous and transient behaviours can be
further examined by assessment of the average Findley parameters, shown in table 3.3.
Table. 3.3 Summary ot the average Findley parameters.
(Standard deviation shown in brackets).
Material
CSM Reinforced
CSM/Bidirectional
CSM/CSM/Bidirectional

2123(425)
1467 (95)
1710(799)

m

n

873 (97)
477 (35)
665 (159)

0.18(0.03)
0.17 (0.005)
0.22 (0.03)

The time parameter, n, dominates the long term response and the average values are
compared below in table 3.4 to the findings of other authors who performed similar
investigations on pultruded glass reinforced materials. The time parameters determined by
Mottram (19) and Scott and Zureick (22) are not largely dissimilar from those determined by
present investigation.
Table. 3.4 Average Findley parameter n compared with previously published research.
Author
Bank & Mosallam (20)
Scott & Zureick (22)
Mottram (19)
Present Work
Present Work
Present Work

Material
Pultruded glass reinforced vinylester
Pultruded glass reinforced vinylester
Pultruded glass reinforced vinylester
Hand laminated CSM FRP
Hand laminated CSM/Bidirectional FRP
Hand laminated CSM/CSM/Bidirectional FRP

Temp
l.aboratory
Laboratory
Laboratory
35”C
35“C
35“C

Deformation Mode
Beam flexure, tension
Compression coupons
Beam flexure, tension
DMA 3 point bending
DMA 3 point bending
DMA 3 point bending

n
0.33
0.23
0.22
0.18
0.17
0.21

The parameters of the modified 4-element and 6-element models were estimated by
minimizing the weighted error sum of squares (WSS). Both models were capable of fitting
the experimental data with good levels of accuracy. Table 3.5 shows a summary of the
parameters used in the 4-element modified model. The model was extremely accurate at
modeling the CSM/Bidirectional experimental data with WSS values significantly lower than
the other material systems, however all specimens appeared to well represented by the two
models.

Table. 3.5 Summary ol average parameters used in the modified 4-element model
(Standard deviation shown in brackets).
Material
CSM Reinforced
CSM/Bidirectional
CSM'CSM- Bidirectional

b,
606(200)
801(73)
582 (155)

b,
475 (366)
U2(64)
581(155)

b,
6086 (0)
6688 (1136)
4584 (2856)

b,
1706 (602)
328(45)
1220 (350)

n
0.103(0.03)
0.221 (0.01)
0.151 (0.04)

fVSS
2078 (847)
157(706)
7791 (2002)

Table 3.6 shows the parameters used in the 6-element model. The WSS values are
slightly lower than those determined by the 4-element model indicating a slightly better
accuracy of fit to the experimental data.
Table. 3.6 Summary of parameters used in the modified 6-element model.
(Standard deviation shown in brackets).
Material
CSM Reinforced
eSM/Bidirectionai
CSM/CSM'Bidirectional

bj

b2

bj

b,

b,

b6

n

WSS

634(77)
604(703)
573(169)

440 (723)
568 (777)
275(772)

75 (4)
189(10)
180 (0)

230(126)
445(93)
286(172)

34 (6)
95 (39)

1601 (505)
328 (46)
1269 (426)

0.12(0.03)
0.20 (0.02)
0.15 (0.05)

2132(865)
144(119)
9143(1098)

In figure 3.12 the parameters of the Findley model, 4-element and 6-element are used
to generate stiffness decay predictions and are also compared to TTSP and indicative creep
curves from the EuroComp design code (7).

3.7 Discussion
The three material systems studied displayed notably different behaviour with respect
to an increase in temperature. The purely CSM reinforced material exhibited almost the same
shape creep curve with increasing temperature as seen in figure 3.7a, while the instantaneous
deformation increased linearly. This lead to an excellent Arrhenius fit to the horizontal shift
factors when a smooth master curve was constructed manually. The addition of bidirectional
reinforcement with CSM fibers resulted in a series of creep curves with slightly different
creep rates with increasing temperature as seen in figures 3.7b, resulting in a poorer
Arrhenius fit with a manually shifted master curve. The further addition of CSM resulted in
increasing creep rates for increasing temperatures which can be seen in figure 3.7c, which
contrasts greatly with the thermo-mechanical behaviour of the purely CSM material.
Although all the master curves generated were smooth in appearance as in figure 3.9,
according to Tajvidi et al (47), TTSP does not hold for the CSM/CSM/Bidirectional matenal
as the adjacent creep curves do not hold the same shape.
Figure 3.12 shows how the various models compare at 35°C, along with the indicative
data presented by the EuroComp design code. The EuroComp design code offers indicative

data on how the stiffness of various reinforced polymer composites may decay over time
under constant load. The three basic composite forms described by the EuroComp creep
curves are, unidirectional composites in tension and shear, and in-plane random mat (i.e.
CSM) and woven roving reinforced laminated composites. The EuroComp curves show the
approximate magnitude of stiffness that is lost over time under sustained loading. A CSM
material in “worst case” circumstances can exhibit a stifftiess reduction of approximately
55% over a 20 year period \\^ile a unidirectional material loaded axially along the fibers in
tension can exhibit an approximate 10% reduction in modulus over the same period.
Figure 3.12a shows die predicted behaviours for the CSM composite. Findleys model
predicts the highest levels of creep widi modulus decay in the region of 70% after 10 years
(87,600 hours). According to previous literature, TTSP is applicable to the CSM material as
adjacent creep curves has the same shape, the shift factors are constant, and the shift factors
display a good fit to Arrhenius behaviour. According to figure 3.12a, TTSP predicts the
lowest levels of modulus decay in comparison to the other models, with modulus decay in the
region of 50% after 10 years. The 4-element and 6-element models, both based upon 50hours of creep testing, yielded similar results with modulus decay in the region of 65% after
10 years. The Findley, 4-element and 6-element models predict similar behaviour and are
significantly more pessimistic than the corresponding TTSP prediction.
Figure 3.12b shows the predicted behaviours for the CSM/Bidirectional composite.
Again TTSP predicts a significantly lower creep strain level than the other models. The
Findley, 4-element and 6-element models predict in the region of 65% modulus decay while
TTSP predicts approximately 50% decay after a 10 year period.
Figure 3.12c shows the predicted behaviours of the CSM/CSM/Bidirectional
composite. Again TTSP predicts die lowest levels of creep, with modulus decay in the region
of 68% after 10 years. Findley’s model predicts a modulus decay of 78% while the 4-element
and 6-element models predict in the region of 68% modulus decay after 10 years.
The results suggest that TTSP will consistently predict lower levels of creep than
other modeling techniques. In terms of a structural element, the results suggest that a purely
CSM material, which is essentially isotropic, holds a predictable creep resistance over a range
of temperatures, albeit having a lower instantaneous stiffiiess than a bidirectionally reinforced
material. This would suggest that a single static creep test could identify creep parameters
that are applicable to a wide range of temperatures. Although TTSP yielded significantly

different results from the creep models after long time periods (>10 years), it appears that at
shorter time intervals (<1000 hours) TTSP predicts similar results to the creep models for
CSM. The introduction of bidirectional reinforcement appears to have added further
inaccuracies to the TTSP predictions, as was expected from the non-linear response to
increasing temperature as seen in figures 3.7b, 3.7c, 3.8b and 3.8c.
The creep response of the CSM/CSM/Bidirectional composite appears to be greatly
affected by temperature with the creep rate increasing significantly at temperatures of up to
70“C. Such a material used in a structural application would require careful consideration as
to what type of environment it could be safely exposed to. As this material is most
representative of structural reinforcement used in practice, the results suggest that further
research is required into its creep response at higher temperatures.
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Fig. 3.12 1 hree creep models compared with indicative creep curves from the EuroComp design code for three material systems
(a) eSM, (b) CSM/Bidirectional, (c) CSM/CSM/Bidirectional

3.8 Conclusion
The creep behaviour of hand laminated polyester/glass composite specimens was
investigated using TTSP and three creep models, with their parameters based upon 50 hours
of experimental creep data. Three material systems were studied. TTSP isothermal creep
curves showed the effect of increasing isothermal temperatures was to increase the
instantaneous deformation of all three materials, while the transient behaviour of the
CSM/CSM/Bidirectional material was also heavily influenced.
Smooth creep master curves were generated for the three material systems allowing
estimates of long term creep compliance to be generated. TTSP appeared to hold well for the
CSM and CSM/Bidirectional materials as the temperature dependence of the horizontal shift
factors displayed a good fit to the Arrhenius equation. The CSM/CSM/Bidirectional material
also displayed a good fit to the Arrhenius equation however the adjacent creep curves did not
hold the same shape, suggesting thermorheologically complex behaviour.
The indicative normalized modulus curves provided by the EuroComp design code
for structural composites offer similar predictions to those predictions developed in this
study. The Findley equation tends to offer the most conservative creep predictions, while the
modified Burgers models and the TTSP approach offered less conservative predictions for
modulus reduction over a period of 10 years. TTSP tended to hold reasonably well for the
CSM composite as adjacent creep curves were of approximately the same shape and the
Arrhenius fit to the temperature dependence was the best of the material systems studied.
This appears to be confirmed as experimental creep data from figures 3.12a and 3.12b are in
good agreement up to a period of 1000 hours, with the Findley equation offering a more
conservative estimate at longer time periods. The results suggest that TTSP could be a viable
option in determining long term estimates for creep strain levels in certain similar materials.
In the case of the materials examined in the present study, it has been shown that caution
should be exercised before application of TTSP, as the reinforcement type appears to alter the
thermo-rheological behaviour, hence violating the required material behaviour required for
TTSP. For shorter term estimates of creep strain levels, the results for the CSM and
CSM/Bidirectional reinforced specimens suggest that TTSP is viable with the average 50
hour predictions being within 5% of the real time creep experiments, while the average TTSP
50 hour prediction for the CSM/CSM/Bidirectional reinforced specimens was within 13% of
the average real time creep experiment.
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Chapter 4.0
ACCELERATED CREEP CHARACTERISATION USING
FREQUENCY-TIME TRANSFORMATIONS

4.1 Introduction
This section descnbes the use of frequency-time transformations (FTT) in order to
predict the linear viscoelastic creep function of a hand laminated glass reinforced polyester
composite, typically found in structural sections. It has been well reported that a Fourier
transform pair exists between the frequency domain stiffness functions and the time domain
creep compliance and relaxation modulus (54). In applying the FTT technique to composite
materials, it has been shown to be useful for generating the time domain creep response over
a number of hours (40, 44, 45), unlike TTSP where compliance data can be generated
spanning a number of years. The technique does however have the advantage of eliminating
any physical or chemical changes that may take place with TTSP due to increases in
temperature. These material property transformations are seldom applied according to current
literature. This has previously been reported to be due to the large number of frequencies
required for computation of the Fourier transform (46). Gibson et al (42) have carried out
FTT experiments on a multi layered aerospace polymer composite, and have shown that a
large volume of low frequency data is required, with the largest frequency in the case of these
experiments being I Hz and the lowest being 0.00006 Hz. The authors have also shown that a
large number of frequencies can be obtained for the Fourier transform computations as long
as the frequency dependence of the stiffness functions can be accurately curve fitted allowing
extrapolation to the low frequency region.
This chapter describes the results of a series of oscillatory stress-strain measurements
carried out at various frequencies in a dynamic mechanical analyzer (DMA) in 3-point
bending at isothermal temperatures of 35”C, 45'’C and 55®C. The resulting frequency
dependent storage and loss modulus data were transformed into the time domain by means of
an inverse fast Fourier transform and numerical integration using a similar procedure
described by Gibson et al (42). A total of 60 specimens were examined. Three material
systems were studied, identical to those descnbed m the previous chapter.

4.2 Theoretical Background
For low modulus polymers and composites, the dynamic mechanical analyzer (DMA)
provides the means by which material specimens can be accurately oscillated over a range of
frequencies and amplitudes, allowing frequency dependent properties to be determined. Due
to the viscoelastic nature of most polymers and polymer composites, the dynamic modulus,
when measured by a sinusoidally applied stress, is a complex number, consisting of storage
and loss components.

Kig. 4.1 Principal of dynamic mechanical analysis and vector representation of complex modulus, storage modulus and loss
modulus.

Figure 4.1 shows a typical DMA waveform where a sinusoidal stress is applied to a
material specimen in a particular mode of deformation. The dynamic strain generated within
the specimen at a frequency oj can be described as,
=

ssmaX

(4.1)

When a material specimen is exposed a dynamic strain within the LVR, the dynamic stress,
( , is also sinusoidal and out of phase with the dynamic strain by the phase lag, S.

01

(j^ =asin{(a + d)

(4 2)

Expansion of equation 4.2 shows that the dynamic stress consists of two components, (55).

cjj = {(Tcosd)s\noX + ((Jsmd)cos(fX

(4.3)

The stress strain relationship then takes the form of,

crj=£{M s\n oM+M

cosoM)

(4.4)

Where AT’ is the storage modulus and is related to the energy stored due to the applied force.
The storage modulus can be expressed as,

M' = —COSd

(4.5)

The loss modulus, M ” is related to the energy dissipated, and can be expressed as.
(4.6)

M' = —sm 6

The dynamic modulus is then said to consist of two parts, similar to the voltage-current
relationship in electncal components. The dynamic modulus is often referred to in complex
form (complex modulus) and consists of the storage and loss components,
M * (/) = M'(/) + jM "(/)

(4.7)

The phase lag d can be considered as a damping characteristic of the material at the particular
temperature and frequency, and is expressed as the ratio between storage and loss
components at a given time. This ratio is also known as the loss tangent, or tan delta, and is
expressed mathematically as
Tan d =

M"

(4.8)

M'

As described by Gibson (41, 45, 56), the time domain creep compliance, J(t), for
anisotropic linear viscoelastic materials can be found from plots of storage modulus and loss
modulus versus frequency, by performing the inverse Fourier transform and integration.
(4.9)
where, J(t) is the creep compliance, J’^(f) is the frequency domain complex compliance and
l'‘ IS the inverse Fourier transform. Similarly, the relaxation modulus in the time domain,
M(t), is given by.

W(0 = M„+J(/.-'[M*(/)])^/

(4.10)

The complex compliance, J*(f), in equation 4.9 is found by taking the inverse of the complex
modulus,
•/*(/) =

1
(4.11)

M*(/)

Using complex algebra to solve for the compliance expressions,

1
A/'(/) + iM"(/)

[M'(/) + ;M "(J)][M '(/) - iM''(./)]

(4.12)

Solving the above expression yields.
= CXf) + iC\f)

(4.13)

Therefore the storage compliance is given by,

J\j)

M'if)

(4,14)

Myy+M'xff

and :he loss compliance is expressed as.
(4 15)

M\ff +M\ff
The instantaneous compliance, Jo, can then be found from a static test. The previous
expressions provide the means by which raw data, gathered from oscillatory stress-strain
measurements, can be prepared for synthesis of the time domain creep compliance.
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Fig. 4.2 Real and complex DFT’s, from Smith (56). The real DFT has 7V/2 real and imaginary' data points in the frequency
domain and N data points in the time domain. The complex DFT has N real and imaginary data points in both the
frequency and time domains.

Synthesis of a real time domain signal from its corresponding complex frequency
domain signal is well described by Smith (56). It commonly involves the use of the inverse
fast Fourier transform (IFFT), which greatly reduces the number of computations by taking
advantage of the repetitive nature of the inverse discrete Fourier transform (IDFT).

Fast

Fourier transform (FFT) algorithms are based upon the complex discrete Fourier transform
(DFT) which requires input data to be prepared in a specific manner. Real DFT data must be

transferred into complex DFT format in order to make use of the FFT or in the case of the
present work the IFFT. Figure 4.2 shows the differences between the real and complex
DFT’s. In order to synthesize an N point time domain signal, the real part of the frequency
domain signal must be “mirrored” about point N/2, meaning that data point N/2 +1 is equal to
point N/2-1, continuing until point N-1 is equal to point 1. The imaginary part of the
frequency domain undergoes similar preparation, only the sign is changed, meaning that point
^72+l is equal to -M2-1 continuing until point JV-l is the same as the negative of point 1.
The preparation of data in this manner can be checked by assessment of the imaginary part of
the time domain signal, which should contain all zero’s, leaving only real time domain data.
The accuracy of the IDFT is dependent on the number of discrete data samples, N,
and the frequency interval, ^/. The time range of the outputted data 7VT is also dependent on
the frequency interval and is given as.

(4.16)

N7'

where T is the time interval. According to figure 4.2, the number of useful data points in the
time domain N, is double the number of useful data points in the frequency domain.
The maximum frequency required for a desired output time range NT is given as.
L^-(N/2){\/NT) = Q.SIT

(4.17)

This chapter describes how the complex stiffness of hand laminated glass reinforced
polyester specimens was recorded by DMA, giving frequency domain stiffness data
consisting of real and imaginary parts. A computer program developed using National
Instruments’ LabView 8.2 is used to discretize the raw DMA data and uses equations 4.14
and 4.15 to express the real and imaginary components in terms of storage and loss
compliance. A routine is also included for the preparation of data into complex DFT format
and an IFFT subroutine is used for the Fourier synthesis while a discrete integration routine
was also included to calculate the time domain creep compliance according to equation 4.9.

4.3 Experimental Methods
The required frequency domain data was collected in three point bending mode in the
DMA at nine frequencies ranging from 0.05Hz to 20Hz and at three temperatures,
and

45‘’C

This ensured that the frequency domain data could be accurately extrapolated to

low frequency while also maintaining a rapid test time.
It was found that in order to minimize data scatter, a preload force of 5N was required
along with a 200% static force tracking the dynamic force. The amplitude of oscillation was
kept at a constant 50pm for all experiments, which ensured linear viscoelastic damping.
The total time to perform the frequency sweeps at the three temperatures was 73
minutes, which included 5 minutes soaking time at each individual temperature to ensure the
specimen had reached thermal equilibnum. It was intended to maximize the ratio of actual
test time to the outputted time record length whilst maintaining a high level of accuracy. In a
similar procedure to that originally carried out by Gibson (42), the maximum frequency
inputted to the IFFT was 1 Hz, while the outputted time domain data was truncated to one
half of its original length. In the present work a total of 2^^ and 2*^ time domain data points
was selected to give good confidence in the results, whilst keeping computing time
reasonably short. This is also double and quadruple the amount of data points originally used
by Gibson (42). The maximum frequency inputted to the IFFT was IHz with a frequency
interval of approximately 3E'^ Hz. This ensured that 2’^ time domain data points would be
sufficient to generate a time domain record length of 2'^ seconds with a time interval of 0.5
seconds. A computer program developed with National Instruments’ LabView 8.2 was used
to perform the IFFT, while the numerical integration was carried out using Simpsons 3/8 rule.
Oscillatory measurements were carried out on 15 specimens, (5 specimens of each
material type each being examined at the three temperatures). A further 45 specimens were
then used in real-time creep tests, each lasting 2 hours. Five specimens of each material were
examined at each isothermal temperature. The synthesized creep compliance curves were
then generated for 2 and 4 hour time periods. These were then compared to the actual time
domain creep experiments at the three previously mentioned isothermal temperatures.

4.4 Calibration Using Exact Functions
In order to give further confidence in the IFFT output, a number of exact time domain
functions were initially synthesized from their corresponding complex frequency domain
functions.
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Fig. 4.3 Synthesis of two exact exponential functions, above, a relatively low number of discrete points inputted to the IFFT
results in large oscillations about the exact solution, below, an increase in the number of discrete data points has the effect of
reducing the magnitude of oscillations while also “pushing” the onset of the oscillations out to the extremities of the curves.

In a similar procedure to that of Gibson et al (42), a series of exact functions were selected
for synthesis before carrying out the actual transformations on the material properties. This

would allow for comparisons to be drawn between the exact functions and the synthesized
functions in order to initially explore the accuracy of the IFFT. These procedures would also
allow for analysis of the effects of varying the IFFT input parameters, such as the frequency
interval and the number of discrete data points. Two of the selected functions along with their
synthesized signals are shown in figure 4.3, with the inset figures showing oscillations due to
the Gibbs effect near a point of discontinuity. The real and imaginary parts of the exact
functions were found using the Fourier analysis equations given below.
-fOO

ReX(M)=J' x(t)cos{(jtjt)dt

(4.16)

_+«)
\mX{a)) = - f x{t) sin(n/)dt

(4.17)

where ReX and ImX are the real and imaginary parts of the exact function x(t) and co

Ijjf,

where/is the frequency in Hz.
The calibration functions also allowed the effects of altering the number of discrete time
domain samples, N, and the maximum input frequency,to be studied. It was also found
that a scaling factor of I/St was required to correct the LabView IFFT output amplitude.
Previous research has shown that due to the oscillations of the Gibbs effect, the final creep
compliance signal must be truncated to approximately Vi of its original length (42). A similar
truncation was also found to be necessary in the present work.
Figure 4.3a shows the synthesized functions using a relatively low number of discrete
data points, N = 32 and N - 64, while figure 4.3b shows the synthesised curves for an
increased number of data points JV = 256 and

= 512. It can be seen that the exact functions

can be synthesized with high levels of accuracy, provided that the number of discrete data
points is sufficiently high. The increase in the number of discrete data points can be seen as
having the effect of minimizing the oscillations about the exact function while also pushing
the oscillatory data points to the extreme ends of the curves.
The real and imaginary parts of the exact exponential functions synthesized in figures 4.3a
and 4.3 b, are found using the Fourier analysis equations 4.16 and 4.17.

Sialstituting x(t) =

+00

into equation 4.16 yields.

--

Re V"(m) = r

cos(ajf)dt

40e^^ (cosC^ux) - 206f^sin(6f>>x))
(4.18)

400r^/ +1

Evcluating the above equation yields the real part of the frequency domain function.

Re.f(ru) =

40
(4.19)

400ft>' + l

The imaginary part is found similarly by substituting x(t) =

into equation 4.17 yielding

-X

Im /{m) = r

J-oo

s\n{ajt)dt

40e^^ (sin(r/;jr) - 20ojcos{a)x))

(4.20)

400r// +1

Ev auation of the above equation gives the imaginary part of the frequency domain function.

Im X{aj) =

-800ru
400o)^ + \

(4.21)

Similarly, by substituting x(l) = 2e'‘^^ into equation 4.16, the real part of the second
calibration function is found to be,

ReX(r/^)=

0
„
25r//+l

(4.22)

and the imaginary part is found to be,
Im X(a)) =

-50r/;

(4.23)

25a/ +1

The real and imaginary parts of the exact functions were then inputted to the IFFT
routine and the amplitude was corrected by the I dt scaling factor. Figure 4.4 shows a
screenshot from the LabView front panel where the function x(t) = 2e^'^^ has been
synthesized with the number of time domain data points, N, equal to 1000 and the frequency
interval set to 0.005 Hz. The curves in the centre of the figure represent the real and
imaginary parts of the function x(t) = 2e^'^^ given in equations 4.19 and 4.21 before the scale
factor is applied. Upon application of the scale factor, (in this case the scale factor was 5), the
real and imaginary parts used for synthesis were compared to the real and imaginary parts of

the exact function by applying a forward fast Fourier transform and converting the outputted
complex numbers into their real and imaginary parts. These real and imaginary components
are shown in the bottom of figure 4.4 and were found to be in excellent agreement with those
used for synthesis after the scale factor was applied.

Fig. 4.4 Top, Synthesized function x(t) = 2e‘^ . Middle, real and imaginary components used for synthesis before the scale
factor is applied. Bottom, real and imaginary' components of the function x(t) =
determined using a forward Fast
Fourier transform.

4.5 Results
Figure 4.5a, 4.5b and 4.5c show the frequency dependence of the storage modulus and
loss modulus for each matenal system at isothermal temperatures of 35®C, 45*^0 and 55®C.
Due to the viscoelastic nature of the material, the dynamic modulus was found to exhibit both
energy storage and dissipation characteristics, therefore as expected, the dynamic stiffness

comprised of both storage and loss moduli. According to Gibson et al (42) the frequency
dependent storage and loss moduli must be shown to be feasibly extrapolated to the low
frequency range. In this study, a series of power functions of the form given in equation 4.24,
or polynomial functions of the form given in equation 4.25 were used to carry out the
necessary extrapolations to the low frequencies required for synthesis.

V=

(4 24)

y = /}(xf + c/(x) + /

^4 25)

Figure 4.5 shows the power functions and polynomial functions fitted to the experimental
data.
Table. 4.1 Summary of the average storage and loss modulus parameters,
data fitted to equation 4.24. (S.D. = standard deviation)
Reinforcement
lemperature
.35°C
45"C
55"C
35T
45°C
55‘’C

35‘’C
45°C
55“C
35°C
45X
55‘’C

CSM/C.'SM/Bidirectional
S.D. (a)
b
S.D.(h)
Storage Modulus Parameters (MPa)
0.0167
7721.98
300.8
7.7E-4
6678.96
0.0331
274.5
6.4E-4
0.0537
5329.08
243.2
L5E-3
Loss Mcxlulus Parameters (MPa)
38.9
462.99
-0.0826
4.2E-3
42.4
-0.0636
592.02
3.5E-3
-0.0168
651.53
33.2
3.0E-3
CSM/Bidirectional
Storage Modulus Parameters (MPa)
455.4
0.0227
6119.75
1.2E-3
5163.10
591.8
0.0396
5.3E-4
4409.73
209.9
0.0552
4.0E-3
Loss Modulus Parameters (MPa)
67.4
362.53
-0.0662
2.3E-2
35.3
-0.0313
419.49
3.4E-2
a

-

35'’C
45°C
55°C

4631.76
3716.96
3039.60

35X
45X
55"C

250.86
293.13
-

-

-

-

CSM
Storage Modulus Parameters (MPa)
1262
0.0294
1.2E-3
918.6
0.0446
2.1E-3
846.1
0.0560
3.0E-3
Loss Modulus Parameters (MPa)
67.9
-0.0802
9.2E-3
76.1
-0.0312
6.0E-3
-

0.995
0.994
0.999
0.995
0.994
0.856

0.993
0.996
0.999
0.909
0.848
-

0.998
0.999
0.999
0.739
0.438
-

In the case of CSM/CSM/Bidirectional specimens, power functions were used to
discretize the storage and loss modulus data, while for the CSM/Bidirectional and purely
CSM reinforced specimens, second order polynomials were found to give a better fit to the
experimental loss modulus data at temperatures of 55^*0. Table 4.1 shows a summary of the
average power function parameters. The coefficient of determination,

shows excellent

accuracy of fit for the 35‘^C and 45‘’C data for the CSM/CSM/Bidirectional specimens, with
values in the region of 0.99. The average 55‘^C storage modulus curve for this material shows

an

value of 0.999 however the loss modulus showed consistently increased levels of

scaler with

values in the region of 0.85. The CSM/Bidirectional specimens showed good

accuracy of fit to the power curve at 35®C, with storage and loss modulus

values of 0.993

anc 0.909 respectively. At 45‘’C the accuracy of fit for the loss modulus parameters
decreased, while the 55*^0 curves were fitted to the polynomial given in equation 4.25. The
purely CSM reinforced specimens showed excellent correlation to the power curve for the
storage modulus at all temperatures while again, the loss modulus data showed more scatter.

The 55®C loss modulus data was again fitted to the polynomial in equation 4.25.
Table. 4.2 Summary' of the average storage and loss modulus parameters, data fitted to equation
Reinforcement
S.D.(p)

Temperature

P

55°C

-0.237

9.9E-2

55X^

-0.365

6.4E-2

CSM/Kdirectional
/
S.D.(q)
2
l.oss Modulus Parameters (MPa)
4.09
468.15
3.02
C'SM
Loss Modulus Parameters (MPa)
6.84
1.78
286.38

S.D.(l)
66.96

0.62

1H.32

0.78

Table 4.2 shows a summary of the parameters of equation 4.25 which was fitted to the
experimental loss modulus data for the CSM and CSM/Bidirectional specimens at 55T. The
increase in temperature was found to increase the experimental scatter however the
pol3nomial yielded average R^ values of 0.78 and 0.62 for the CSM and CSM/Bidirectional
specimens respectively. The power equations and polynomials were discretized within
National Instruments LabView 8.2 and converted to compliance data using equations 4.12 to
4 15, for input to the IFFT.
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Fig. 4.5 Storage and loss modulus versus frequency at temperatures of 35°C, 45°C and 55°C for (a) the
CSM/CSM/Bidirectional material, (b) the CSM/Bidirectional material and (c) the CSM reinforced material

Figure 4.6a and 4.6b show the average synthesized creep compliance curves compared to the
corresponding average time domain creep tests for the CSM/CSM/Bidirectional material, for
N = 2^^ and N = l}~' respectively. These quantities of time domain data points represent
double and quadruple of those originally used by Gibson et al (42).
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Fig. 4.6 (a) Synthesized creep compliance and real time creep tests for CSM/CSM/Bidirectional reinforced specimens N = 2*'^
and (b) N = 2*^

The time domain data is representative of the average of five 2-hour creep experiments, each
carried out at 35‘^C, 45‘’C and 55®C. The instantaneous compliance, Jo, was taken as the
average instantaneous compliance from the time domain tests.

The synthesized creep compliances show excellent correlation when compared to the
average time domain creep tests for temperatures of

and 45‘’C while the 55^C curves are

also in reasonable agreement. The synthesized creep curves also show the same characteristic
change in shape as the average time domain creep curves that is produced with increasing
temperature.

(a)

(b)

Fig. 4.7 (a) Synthesized creep compliance and real time creep tests for CSM reinforced specimens for N = 2'^ and (b) N = 2*^

Figure 4.7a and 4.7b show the average synthesized creep compliance curves
compared to the corresponding average time domain creep tests for the CSM reinforced
material, for TV = 2*^ and N -2^^ respectively. The synthesized creep curves again show close

correlation to the average time domain creep curves up to a temperature of
large differences are present between the

whereas

curves.

(a)

(b)
Time (sec)
Fig, 4.8 (a) Synthesized creep compliance and real time creep tests for CSM/Bidirectional reinforced specimens for N = 2'
and (b) N = 2'^

Figure 4.8a and 4.8b show the average synthesized creep compliance curves compared to the
corresponding average time domain creep tests for the CSM/Bidirectional reinforced
material, for N = 2^^ and N - 2^^ respectively. The average time domain creep curves show
close correlation to the synthesized curves at 35'^C, while the 45‘’C and
significantly dissimilar shapes.

curves show

4.6 Discussion
The advantage of using the FFT technique over actual time domain creep testing is
that, if the frequency dependent parameters can be successfully extrapolated to the low
frequency range (<0.001Hz), then the time domain creep compliance can be synthesized over
a number of hours. The time required to carry out these oscillatory tests can be significantly
less than the time range of the outputted synthesized data. In the examples shown in this
study the time required to gather the frequency dependent data over three isothermal
temperatures was 73 minutes. Using 2^^ time domain data points, each outputted synthesized
curve, after the necessary truncations spans a range of 4 hours, equaling 12 hours of
synthesized data in total. The results suggest that the creep compliances can be reasonably
well synthesized at lower temperatures, up to approximately 35*^0. The discrepancies that
exist between synthesized curves and time domain test curves, for the CSM and
CSM/Bidirectional reinforced specimens particularly at the higher temperatures, may be
attributed to changes in the characteristic loss modulus vs. frequency curves as seen in figure
4.5b and 4.5c. These curves are notably different from those for the CSM/CSM/Bidirectional
specimens, as seen in figure 4.5a, to the extent that a polynomial was used to characterise the
curves (equation 4.25) rather than the previously used power function (equation 4.26). This
suggests that the fiber arrangement had a significant influence on the damping characteristics.
From assessment of the

values for loss moduli in tables 4.1 and 4.2, it appears that

an increase in experimental scatter is evident with a corresponding increase in temperature,
ultimately leading to poor correlation coefficients at higher temperatures and subsequently
resulting in the discrepancies that can be seen between synthesized and time domain creep
curves, particularly at the higher temperatures. In contrast to this, the excellent correlation
coefficients for the storage and loss moduli for the CSM/CSM/Bidirectional specimens
resulted in good agreement between synthesized and time domain curves for all test
temperatures.

The difference in the damping characteristics between specimen types and the change
in damping characteristics for CS M/Bi directional and CSM reinforced specimens may be
explained by the sources of energy dissipation in polymer matrix fiber reinforced composites,
as described by Chandra et al (57). These energy loss sources include,
>

Viscoelasticity of the matrix orfiber.

The matrix is the major contributor however aramid and carbon fibers can also contribute.
>

Damping due to the interjjhase.

The interphase lies immediately adjacent to the fiber, significantly strong or weak interphases
affect the damping response.
>

Damping due to damage.

This consists of frictional damping due to slip between fiber and matrix or energy dissipation
due to matrix or fiber cracking.
>

Viscoplastic damping.

This is due to plastic material behaviour at high amplitude or high stress.
>

Thermoelastic damping.

This IS due to a heating phenomenon due to cyclic heat flow between areas of high stress.
This mechanism plays a more important role in the area of metallic materials.
The mechanisms of damping that may have caused discrepancies during oscillatory
tests include interphase damping and damping due to damage. Interphase damping is a likely
contributor as the manual manufacturing process involved in preparing the specimens could
possibly have resulted in a significantly weak interphase which could have affected the
damping response. This effect could also potentially have been exacerbated by an increase in
temperature. Similarly, damping behaviour could be affected due to oscillatory tests
increasing the existing damage, in this case, the voids and manufacturing flaws that were seen
previously in figure 3.2. In order to confirm the existence of damage or evolving damage due
to oscillatory tests, finite element models could be used to confirm whether or not this is a
likely cause of changing damping characteristics.

4.7 Conclusion
This chapter has shown that characterisation of linear viscoelastic creep in hand
laminated glass reinforced polyester can be potentially useful, provided that the oscillatory
tests do not aggravate any existing flaws or damage which may affect the overall results. This

potential is clearly revealed with assessment of the results for the CSM/CSM/Bidirectional
reinforced specimens.
Oscillatory tests revealed that the frequency dependent storage and loss moduli could
be accurately extrapolated to the low range of frequencies required for synthesis. The output
of the inverse fast Fourier transform and numerical integration routine given in equation 4.9,
when truncated according to Gibson et al (42), gave characteristic linear viscoelastic creep
compliance curves which correlated well with tests carried out in the time domain at
isothermal temperatures of

45‘’C and 55‘^C. Further research which includes longer term

time domain tests and further extrapolations of frequency domain data would be useful to
assess the possibility of accurately synthesizing creep compliance curves for longer periods
of time.
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5.1 Introduction
This chapter describes the development of methods used for the initial static analysis
of composite structures as well as transient analyses. The chapter is intended to address a
practical design scenano by using existing material modeling tools to predict both the
instantaneous and transient behaviour of a laminated composite structure. Static structural
analysis of thin laminated polymer composites is often based upon classical laminate theory
(CLT) where the thickness of the laminate is small compared to the in-plane dimensions,
therefore it can be assumed that each layer within the laminate is in a state of plane stress
(58). It can be used to predict the response of a composite laminate under various loading
conditions, however it is incapable of analysing through thickness effects and further analysis
along with good design practice should be undertaken to minimise through thickness stresses.
Classical laminate theory is based upon the Kirchhoff hypothesis for thin plates, and
includes the following assumptions (59),
> Straight lines normal to the midplane of the plate remain straight and normal to the
midplane after deformation.
> Transverse shear and normal effects are neglected.
'r The material behaviour is linear elastic.
> The strain displacement equations are linear.
Further assumptions include,
> The bonding between adjacent layers is infinitesimally small.
> The bonding is as strong as it needs to be.
In this section a CLT laminate stress analysis program, developed using LabView 8.2, is
used to determine the state of stress at the interfacial locations within a multi layered flat
plate subjected to a constant bending moment, which is taken as an initial example. A finite
element simulation undertaken in ANSYS 11.0 is developed for comparison. A recently
published beam theory based on CLT calculations developed by Kollar and Pluzsik (60) is
then used to determine the instantaneous response of a laminated hollow box-section beam
which is taken as the main case study. The results are then compared to a finite element
simulation undertaken in ANSYS 11.0. The finite element model is also expanded to include
creep material parameters for hand laminated glass reinforced polyester, determined by

DMA. A transient finite element simulation is then undertaken to determine the beam
displacements after a period of 5000 hours at temperatures of 35^C, 45‘’C and 55‘^C.

5.2 Theoretical Background
5.2.1 Laminated Plates
In order to carry out a structural analysis of a laminated composite according to CLT,
a coordinate system is firstly defined. Tuttle (58) as well as other textbook authors define the
ply interface locations through the thickness of the laminate from their distances from the
laminate midplane.
The laminate in figure 5.1 comprises of several individual layers of material bonded
together. For an w-ply laminate the outermost surface in the positive z-direction is labelled
and Zn = +//2. Moving from this position towards in the negative z-direction, each ply
interface encountered is labelled until the opposite surface zo is reached. The ply interface
position between ply 1 and ply 2 is labelled zj and zj = zo + t|. The thickness of an individual
ply k, is 4 = {zk-Zk-i). Each individual layer is defined by in-plane orthotropic material
properties, thickness t and the fiber orientation or orientation of material properties, 0 , with
respect to an in-plane coordinate axis.

Fig. 5.1 Lett, Global (x,y,z) and local (1,2,3) material co-ordinates in a single lamina and right, state of stress in a single lamina
in the local coordinate system.

For traditional isotropic materials, two independent elastic constants are required to
fully describe the elastic behaviour of the material, the Young’s Modulus, E and the
Poisson’s ratio v. In order to define the stress strain relationships for a single unidirectional or

woven layer as shown in figure 5.1, according to the assumptions given previously, four
elastic constants are required, namely the longitudinal and traverse moduli, Ei and E2, the in
plane shear modulus, G12, and Poisson’s ratio, V12 or V21.
The in-plane stress-strain relationships are then given as,
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Individual layer stresses are related to their corresponding strains strains for layer k, in an nlayer laminate, in global co-ordinates via the transformed reduced stiffness matrix, [^j^.
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The stress strain relationships in local co-ordinates are.
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Stress resultants applied to a composite laminate are related to the resulting midplane strains
and curvatures via the A,j and Bij matrices.
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The

Aij

matrix is known as the extensional stiffness matrix as it directly relates the

inplane strains (Sx, 8y, yxy), to inplane forces (Nxx, Nyy, Nxy).The

By

matrix is known as the

bending-extension coupling matrix as it relates inplane strains (8x, 8y, y.xy), to bending
moments (Mxx, Myy, Mxy), and curvatures (kxx, kyy, kxy) to inplane forces (Nxx, Nyy, Nxy).
Moment resultants applied to a composite laminate can be related to the resulting midplane
strains and curvatures via the By and Dy matrices.
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The Dij matrix is the bending stiffness matrix, as it relates curvatures to bending
moments. Combining the above equations and expressing them together we obtain the 6x6
matrix known as the “[ABD]” matrix.
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It is often the case where the stress and moment resultants are known, and the corresponding
strains and curvatures are required. In this case the [ABD] matrix is inverted to obtain the
[abd] matrix, giving the following relationship
4

,

■

^12

«16

^1

^12

^22

^26

^12

^22

^26

«16

^26

«66

^12

A1 .^

^16

^22

^26

4

' xy

^12

Ufjl

N

■

«

^12

^6

6] 2

^22

^26

^12

^22

^26

.^,6

^26

^66

^12

^22

^26

^xx
^yy
.4,

Ji2

(5.18)

The effective flexural and extensional young’s moduli for symmetrical laminates in the x and
y directions can be deduced directly from the [abd] matrix.
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Assessment of the [ABD] matrix reveals the types of coupling that are will occur in a
laminate under a given set of loads. For example bending-bending coupling may occur when
the [ABD] element 79/2 is non zero. In this case when a bending moment is applied in one
plane, the non zero element D}2 results in a doubly curved laminate. The effects of the
various types of coupling under certain loading conditions can be eliminated in a preliminary
design by assessment of the relevant elements in the laminate [ABD] matrix. A summary of
the coupling effects along with the associated elements are given in figure 5.3.
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Fig. 5.3 The ettects ot various types of coupling in laminated composite plates, Kollar and Springer (61).

In practice, the effects of coupling are minimized by arranging the stacking sequence
of the laminate in a specific manner. In laminates where there is symmetry about the
midplane, the effects of in-plane - out of plane coupling are eliminated. Furthermore, in
balanced laminates, where there exists equal numbers of +0 and -0 unidirectional layers,
extension shear coupling is eliminated. In quasi-isotropic laminates, the sum of all fiber
angles adds to zero, the number of plies in each direction is the same, each layer is made from
the same material and is of equal thickness and there are at least three fiber directions. These
laminates exhibit similar in-plane behaviour to isotropic plates allowing for the use of
isotropic plate formulas in order to predict the in-plane behaviour.

5.2.2 Laminated Beams
A theory for structural analysis of thin walled, open and closed section composite
beams with arbitrary layup has been developed by Kollar and Pluzsik (60) which includes
CLT analyses in order to describe the strain-force relationship within each wall segment. This
theory neglects the effects of shear deformation and restrained warping and allows for the
application of a constant moment, axial force or torque at the beam centroid. Figure 3 shows
the co-ordinate system used by Kollar and Pluzsik to describe the geometry of the closed
section beam.

Hg. 5.4 lop left, the individual wall coordinate system, top right, globally applied loads, bottom, forces and moments per
unit width in wall segment k.

For each wall segment, k, the strain-force relationship in
similar manner to equation 5.18,
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The forces and moments, N^,

and

per unit width in a wall segment, k, due to the

globally applied loads Mz, My, /I/a-and torque, TA-are described as.

M.
Miv}
where

=k]'([^][/?j-K][^r[d)w
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and are summarized in Appendix D.

and [^] are derived by Kollar and Pluszik (60)

(5.22)

5.3 Structural Analysis of Thin Laminated Plates
The equations defining CLT were programmed within LabView 8.2 for structural
analysis of thin laminated plates. In order generate confidence in using the CLT approach, a
thin laminated square plate, 0.1 x 0.1 m, was modelled using ANSYS 11.0 finite element
software. Within ANSYS, a number of elements are available for selection for modeling
layered composite materials including SHELL91, SHELL99, SHELL181, SHELL281,
SOLSH190, SOLID46, SOLID185, SOLID186 and SOLID191. For the current analysis, an
8-noded element SHELL99, shown in figure 5.5 was used. This element has six degrees of
freedom at each node, translations and rotations in the x, y, and z-directions. The element is
also defined by orthotropic material properties, individual layer thicknesses and material
angles with respect to the x-axis. The evaluation of stresses and strains can also be set to the
top and bottom of each layer i.e. the layer interfaces.

I
Hg. 5.5 Lett, geometty of ANSYS element SHELL99 and right, geometry of ANSYS shell element SHELL181.

Figure 5 6 shows the meshed square plate consisting of 8 layers with boundary conditions
applied. In this problem, a constant bending moment of 1050Nm/m was applied about the yaxis. The matenal properties used in both LabView and ANSYS were typical of a
graphite/epoxy unidirectional layer (61). The layup configuration was [0/902/0]s with each
layer 0.2mm in thickness.

Individual layer
material properties
E, (GPa)
E2 (GPa)
G,2(GPa)
V|2
t (mm)

148
9.65
4.55
0.3

Fig. 5.6 Boundary' conditions applied to a thin laminated plate consisting of 8 layers. On the left edge, a moment of
l050Nm m is applied, while on the right, UX, UZ and ROT Y = 0, while UY at the central ncxle is constrained in the UY
direction to allow' for the Poisson effect.

srY's;-

rin scL'JTiLi!

yjkv

joi:

14:59:3=

.......
____
-isSE^lC

.SIIE+IC

.nn*n

Fig. 5.7 X-direction stresses in the 8 layer laminate. Under a constant bending moment the in plane shear is 0 while the in
plane stress is constant within each layer.

Figure 5.7 shows the x-direction stress contour within each individual layer. As expected,
a constant in-plane state of stress exists within each layer due to the constant bending
moment. Figure 5.8 shows the x and y-direction stress values for each interface coordinate
and each extreme surface as calculated by a CLT analysis and ANSYS. Both methods of
evaluating in-plane stresses show excellent correlation and allow for the Identification of
critical layers within a laminate. Such an analysis allows the designer to rapidly assess the
effects of altering the layer thicknesses, fiber orientations and stacking sequences.
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Fig. 5.8 In-plane x-direction stresses at the extreme surfaces and lamina interfaces for the 8-layer flat plate as determined by
ANSYS and a CLT analysis developed with LabView 8.2.

In order to expand the CLT approach for analysis of thin walled structural members, the
previously developed beam theory Kollar and Pluzsik (60) is used to confirm the
instantaneous response of a laminated hollow box section beam taken as a case study.

5.4 Case Study - Initial Deformation & Stresses
In order to assess the instantaneous and transient behaviour of a structural member in
a practical scenario, a laminated hollow box section beam is examined in 4-point bending
through theoretical and finite element analyses. The theoretical approach described in the
previous section is used to assess the instantaneous behaviour of the beam, while ANSYS
11.0 finite element software is used to examine both the instantaneous and transient
behaviour. The four point bending mode of deformation was selected as bending of beams is
an extremely common mechanical system found in many practical scenarios, while a constant
bending moment is generated between the two centrally applied loads. This constant bending
moment is then entered as My in equation 5.22, allowing for stresses to be analyzed within
each wall segment in the critical central area of the beam.
K=3
5()mm

vvt =3.5mm

Fable 5.1 Elastic properties adapted
IVom the E^uroComp design code (7).
Layer
CSM
10/901

E,

Ey

Gxy

(GPa)
5.6
15.2

(Gpa)
5.6
15.2

(Gpa)
2.3
6.5

3 K>

3

Layup;
CSM/|0/9()]/CSM

K=1
Hg. 5.9 Laminated hollow section box beam cross sectional details with the ANSYS display of element size switched on,
and rieht. material orooerties adapted from the EuroComo desinn code ('71.

Figure 5.9 shows the cross sectional details of the box beam. The beam was meshed
using ANSYS shell element SHELL181 which allows for inclusion of creep parameters.
Each wall section is comprised of three layers, a bidirectionally reinforced layer of 1.5mm
thickness, with a CSM layer of 1mm thickness on each side. The elastic material properties

used are adapted from characteristic material property tables for hand manufactured CSM and
Bidirectional reinforced polyester layers in the EuroComp design code (7). For all layers,
poisons ratio is assumed constant at a value of 0.3.
Figure 5.10 shows the boundary conditions and loads applied to the box beam. The
total length of the beam is x = Im and the total load applied is SOON. A constant bending
moment of M=PL/2 is generated at the critical central area of the beam. In this case the
maximum bending moment is M^ax = 133.2N-m. Each 400N load was applied over an area
30mm wide to ensure localized effects were minimized.
P/2 = 400N

P/2 = 400N

Hg. 5.10 I.aminated hollow section box beam loading and boundary condition details.

The boundary conditions involved constraining one extreme end of the beam in the x
and y translations while the opposite end was constrained in the y direction only, ensuring the
overall beam length was free to change due to the applied load. Figure 5.11 shows the initial
deformation in the beam with contours representing the average x-direction stresses.

Fig. 5.11 Average x-direction stresses immediately alter load application, the localised areas of increased stress can be seen
where the load was applied

In this figure, the display of element size is turned off, showing a single shell surface
representing the beam walls. This allows the user to display the average stresses of each layer

or to select a particular layer for output. In the present problem, the stresses were outputted at
the top or uppermost point of each layer. The central area between the applied loads shows a
single contour, suggesting that a constant bending moment has been generated in this area.
The localized stresses due to the load application can be seen on the top flange and are also
not predicted by the beam theory developed by Kollar and Pluzsik. For this reason the
stresses in each layer of the bottom flange were outputted as this area was largely unaffected
by localized stresses. A single central node was selected for output in this area. Table 5.2
shows the in-plane stresses for the top of each layer as calculated by the theoretical approach
and the finite element model. Both models, as expected, show virtually no y-direction stresses
or in-plane shear in the bottom flange. The results also show that, as expected, the stresses
due to bending are generated primarily in the longitudinal direction. The dominant stress in
the bottom flange is present in the longitudinal direction in the middle

layer and has a

magnitude of 11.5MPa according to Kollar and Pluzsik and 11.4MPa according to the finite
element model

Both models also showed negligible shear stresses in the side walls of the

beam.
Table 5.2 In-plane stresses generated within each layer of
the bottom llange according to ANSYS and Kollar and
Pln'7<;iL'

Layer

eSM
[0/90]

eSM

Stress
Kollar c& Pluzsik
Tat
Ox
0
4.21
0
11.5
lE-11
0
4.27
0
0

(MPa)
yiNSYS
i!
1
1
1

Oa

4.20
11.4
4.2

.

Oy

Tav

0
2E-19
0

0
1.4E-9
0

The good correlation between the finite element model and the theoretical model
suggest that either could be used for identification of critical layers and optimization of the
overall design. The finite element model slightly underestimated the individual ply stresses in
comparison to the theoretical model, however this was expected due to local effects included
m the finite element analysis. Other phenomena that cannot be accounted for by either model
include delaminations, effects of ply drop offs, buckling, fracture and the effects of inclusions
and flaws due to the manual manufacturing process. Most of these phenomena require
separate non-linear analyses, however failure criterion such as that of Tsai-Wu or Tsai-Hill
can be included to safeguard against individual ply failure due to in-plane stresses.
The finite element model shows that the initial central deflection of the beam was
2.3mm Due to the viscoelastic nature of hand laminated glass reinforced polyester, which
was confirmed in previous chapters, the deflection of the beam is expected to increase with
time. The next section desenbes how creep parameters were determined from a series of

creep experiments carried out on a DMA and included in the finite element model for a
transient analysis.

5.5 Determination of Creep Parameters for Transient FE Analysis
The ANSYS material modeling libraries contain thirteen implicit creep models which
describe the change in creep strain or creep strain rate as a function of temperature, stress or
other matenal constants. These models are recommended m the ANSYS libraries for general
use due to their accuracy, speed and robustness. In order to determine the creep parameters to
be entered in the ANSYS model, a procedure described by Dropik et al (62) was employed in
the present work. The procedure involved using the explicit ANSYS creep equation number
2, also known as the “time hardening” creep equation, given below in terms of the creep
strain rate.
(5.23)

=

where Ci, C2, C3 and C4 are constants required for input. In order to calculate the constants,
equation 5.23 is integrated and the temperature term T\s ignored, giving an expression for the
creep strain,
(5.24)
where a<) is a constant and Zand (p are the stress and time exponents respectively. According
to Dropik et al, a series of strain-time plots is required to calculate the constants. In the
present study, this was achieved by carrying out a series of 1 hour flexural creep experiments
in three point bending mode in the DMA. Specimens of CSM/CSM/Bidirectional reinforced
material were examined at three stress levels, 4MPa, 8MPa and 12MPa. By examining the
creep response at 12MPa, this allows creep parameters to be determined for the highest stress
level determined in the finite element model, which was 11.4MPa. The experiments were also
carried out at temperatures of 35‘^C, 45*^0 and 55‘’C.
In a similar procedure to determining the parameter fl in the Findley equation, the
parameter (p in equation 5.24 is found from the slope of the log-log strain-time plots. Figure
5.11 shows the strain versus time plot for the average of three specimens, each tested at stress
levels of 4MPa, 8MPa and 12MPa, and temperature of 35‘’C. According to Dropik et al, the
average value of (p for each set of data is used as the time exponent. The average value of (p in
this study was found to be 0.049. The parameter Zin equation 5.24 is also found in a similar
procedure, by determining the slope of the log-log strain-stress plots, shown in figure 5.12.

This involved selecting three time intervals at which the stresses and corresponding strains
were determined. The average value of z in this study for the 35‘’C experiments was 0.78. The
value of a() was found by substituting the values of v and z, and experimental strain data into
equation 5.23.

rime (hrs)
Kig. 5.12 Strain-time plots for CSM/CSM/Bidirectional reinforced specimens at stress levels of 4,8 and 12MPa temperature
of35°C.

The value of ao was determined to be 8.5E-9. The creep model to be used in the ANSYS
transient analysis was therefore determined to be
=8.5c -9 a_0 78 t.,0 049

(5.25)

Figure 5.13 shows the good correlation between the ANSYS creep model and the
experimental data for the three stress levels at a constant temperature of 35^C.

Fig. 5.13 Strain-stress plots tor CSM/CSM/Bidirectional reinforced specimens at time intervals of 1.25, 2.9, 9.58 and 59.75
minutes at a temperature of 35°C.

The ANSYS creep model requires that the creep parameters be expressed in terms of
the creep strain rate, therefore equation 5.25 is partially differentiated with respect to time.
This results in the strain rate equation being expressed as,
f,, = 4.175(5.26)
where, according to Dropik et al (62), C is the error due to the first order incremental
approximation. The parameters required for direct input to the ANSYS finite element
modeling software, Ci, C2, and C3, are now established as 4.17e’'^, 0.78 and -0.951
respectively for the 35®C experimental data, with stress units in Pa and time units in minutes.
The parameters for equation 5.24 were also solved for using experimental creep data recorded
at temperatures of 45X and 55°C giving equations 5.27 and 5.28 respectively.
-2.555

10 _0.85 * 0 920

(5.27)

^,,-2.255

(5.28)

Time (Tirs)
Fig. 5.14 Correlation between the ANSYS creep model used for transient analyses and experimental creep data at a
temperature of 35°C.

The parameters of equations 5.26, 5.27 and 5.28 were inputted as creep constants in
the ANSYS finite element modeling software for transient analyses. The loading scenario as
depicted in figure 5.9 was used as the case study and the model was used to estimate the
beam deflection over a period of 5000 hours.

5.6 Transient Behaviour
Each transient analysis within the finite element model was run for two loadsteps. The
initial loadstep was executed with the transient properties disabled in order to determine the
instantaneous behaviour. The time at the end of the subsequent loadstep was 5000 hours,
while the minimum and maximum time steps were 1 and 50 hours respectively. The analysis
type was that of small displacement transient and after each transient analysis the
convergence was confirmed in order to give confidence in the results.

(a)

(b)

(c)

Fig. 5.15 X-direction strain due to creep 5000 hours after load application for temperatures of (a) 35°C, (b) 45°C and (c)

Figure 5.15 shows the strain contours due to creep in the x-direction 5000 hours after
the load is applied for isothermal temperatures of 35^C, 45*^0 and 55®C. As expected, the

higher temperature was seen to have the effect of greatly increasing the deflection rate of the
beam far beyond that of the

and 45‘^C loading scenarios.

Fijj. 5.16 Central deflection due to creep 5000 hours after load application for temperatures of (a) 35°C, (b) 45°C and (c)
55^’C.

Figure 5.16 shows the central deflection due to creep versus time for the three
isothermal temperatures, which was recorded on a node on the bottom flange of the beam,
between the two load application points. After the 5000 hoiu loading period, the model
predicts a y-deflection due to creep of 3.26mm for the 35®C scenario, while the deflections
due to creep for the 45‘^C and 55‘^C scenarios were predicted to be 6.69mm and 13.00mm
respectively. Figure 5.16 also shows limiting values for the time dependent deflection of
beams as recommended in the EuroComp design code (7). In this case study the 45‘’C and
55^C deflection curves predict that the recommendation for maximum deflection due to creep
for most applications will be surpassed within the first 2000 hours at most. The 35°C
deflection curve falls within the limits recommended by the EuroComp design code.

5.7 Discussion
This chapter has addressed how hand laminated sections can be analyzed structurally,
immediately after loading and how creep behaviour measured at coupon level can be used to
estimate the transient behaviour at full scale. Classical laminate theory remains one of the
most widely used tools in stress analysis of laminated composite materials however, its

applicability to hand laminated composite materials is yet to be studied in detail and validated
experimentally. Classical laminate theory has been extended to a beam theory by Kollar and
Pluzsik (60), providing an initial stress analysis tool for structural sections. Finite element
analysis has also shown good correlation with the beam theory for instantaneous behaviour.
Several authors have published experimental results of pultruded beam assemblies
exposed to constant flexural loads over a number of hours. Hand laminated structural sections
are yet to be analyzed experimentally under constant flexural load for considerable periods of
time. This chapter has shown how transient properties of hand laminated coupons measured
by DMA, can be fitted to creep models within ANSYS 11.0 finite element softw^are to allow
for estimation of transient behaviour. Further work is however required to validate the results
experimentally.

5.8 Conclusion
This chapter has shown how laminated composite beam theory and experimental data
combined with finite element tools can be used for static design of structural sections and
estimation of transient behaviour. The transient properties used in this study were determined
by a 3-point bending fixture in the DMA, however for increased accuracy in the finite
element model, the creep behaviour in shear, tension and compression would need to be
identified for larger specimens to eliminate the effects of material non homogeneity.
The results show that temperature is one of the most dominant factors in design of
these sections. According to figure 5.16, a lO'^C increase in temperature from 45‘’C to 55”C
results in more than double the central deflection due to creep after a 5000 hour period, while
reducing the temperature to less than

greatly reduces the creep rate.
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Conclusions and future work
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CONCLUSIONS and FUTURE WORK

6.1 Overall Conclusions

Hand laminated polymer composite materials are used in civil and structural
engineering applications and often require long term structural integrity. This thesis describes
the application of various creep models to hand laminated polymer composite specimens in
flexure. In addition, temperature has been used to accelerate the creep process of several
specimen types, while an alternative technique using frequency-time transformations has also
been explored. The objectives of this thesis were [1] to investigate various creep models and
their application to hand laminated polymer composites for creep predictions and material
characterisation, [2] to predict the long term creep response of hand laminated composite
materials by an accelerated test method known as time temperature superposition, [3] to
predict the momentary creep response of hand laminated composite materials by a test
method known as frequency time transformation and [4] to apply creep parameters
determined through experimentation to finite element analyses of polymer composite
structural sections. Based upon the results of the individual objectives, the following overall
conclusions can be made.
The gap in current literature regarding the use of accelerated techniques for creep
characterization of hand laminated composite materials for use in civil and structural
engineering applications has been addressed.
Creep models such as Findleys model and modified Burgers can be fitted with good
accuracy to experimental data for the three matenal systems studied and the resulting
parameters can be used for estimation of the long term creep performance. The time
temperature superposition principal yielded creep mastercurves that were smooth and similar
in appearance to those generated for highly engineered composites by authors such as
Goertzen and Kessler (15) and Vaidyanathan et al (33). The fiber architecture appears to have
had an effect on the TTSP creep mastercurves as TTSP held well for CSM reinforced
specimens while the introduction of bidirectional fibers resulted in isothermal creep curves of
different shape resulting in a poor fitting of the TTSP shift factors to Arrhenius behaviour.

TTSP proved to be limited in its application to the specimens studied as it consistently
underestimated long term modulus reductions in comparison to other creep models. It did
however remain in good agreement with Findley and Burgers models for modulus reductions
for CSM and CS M/Bi directional reinforced specimens at times of up to 1000 hours and
reference temperature of 35‘^C.
The use of frequency time transformations for characterisation of creep in polymer
composites is seldom reported in the literature. The results of chapter 4 show good potential
for using the technique as an alternative characterisation method, provided that the frequency
dependent properties remain unaffected by any other phenomena that come with oscillatory"
experiments. The frequency dependent properties must then be extrapolated to low
frequencies with good confidence in order to gain any advantage in using the technique. In
the present work, for experimentally determined damping behavior which was as expected,
i.e. when the storage modulus increases according to a power with increasing frequency, and
when the loss modulus decreases according to a power with increasing frequency, (similar to
the damping behaviour of the materials investigated by Gibson (40)) good agreement existed
between synthesized creep curves and creep curves generated in the time domain. Increases
in experimental temperature generally lead to a reduction in agreement between synthesized
creep curves and time domain experiments. The results suggest that a limiting temperature
may apply in using the technique for creep characterization. The results also suggest that the
technique could be used as a means of rapidly generating creep curves for several materials in
order to compare their behaviour over a number of hours, while the experimental time is
much less in comparison.
Chapter 5 shows how parameters determined from creep tests can be
incorporated into finite element models for transient analysis, which can accompany static
analysis of laminated polymer composite beams using previously developed beam theory.
The results, as expected, show how increased temperature can dramatically increase the creep
rate of a structural member. Finite element procedures such as this could potentially be useful
in order to rapidly assess the suitability of a particular material for such an application.

6.2 Future Work

As the existing literature contains much information on TTSP and similar techniques
which use temperature to accelerate the creep process of polymer composites, it is

recommended that further research be carried out on the use of frequency time
transformations for creep characterization. The material systems that are appropriate for
application of the technique appear to be those with storage and loss moduli that both show a
clear power like relationship when determined over a range of frequencies. Further research
is required in order to determine the temperatures which limit the use of the technique, and
larger volumes of specimens are also required in order to eliminate specimen to specimen
variability. In order to determine the maximum possible length of synthesized creep curve,
further investigation is required into implementing the technique using a larger number of
time domain samples N. Longer term static creep tests would also be useful for comparisons
to longer range synthesized curves, while larger specimens could be analyzed in flexure in,
for example, a servohydraulic test machine, in order to minimize the effects of scale.
Further research on the variability of hand laminated structural composites between
manufacturing facilities is also needed in order to confirm that any results or design
recommendations from one batch of specimens can be applied universally to components
manufactured in other facilities.
Optimization of composite structures is also well reported m the literature, however
the challenges that face designers in optimizing hand laminated polymer composite structures
include increased variability of material properties, resulting in a need for more research in
this area in order to determine safe working limits.
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Appendix A
50-Hour Creep Models Compared to
EuroComp Guidelines

Time (Hours)

Kig. A1 Creep models based upon 50 hours of experimental data for an average of 4 CSM reinforced specimens.

Time (Hours)

Fig. A2 Creep models based upon 50 hours of experimental data for an average of 4 CSM/Bidirectional reinforced
specimens.

rime (Hours)

Time (Hours)

Time (Hours)

Fig. A3 Creep models based upon 50 hours of experimental data for an average of 4 CSM/CSM/Bidirectional reinforced
specimens.

Appendix B
Frequency Dependence of the Glass Transition
Relaxation for the Three Material Types

1000/T„ (K)

Fig. B1 Frequency dependence of the glass transition temperature and ln(/) vs 1000/rg plot for a CSM/CSM/Bidirectional
specimen. The slope of the plot is related to the activation energy.

Fig. B2 Frequency dependence of the glass transition temperature and ln(/) vs lOOO/rg plot for a CSM/CSM/Bidirectional
specimen. The slope of the plot is related to the activation energy.

Hg. B3 Frequency dependence of the glass transition temperature and ln(/) vs lOOO/rg plot for a CSM/CSM/Bidirectional
specimen. The slope of the plot is related to the activation energy.

Fig. B4 Frequency dependence of the glass transition temperature and ln(/) vs IGOO/Fg plot for a CSM specimen. The slope
of the plot is related to the activation energy.

Kig. B5 Freqtency dependence of the glass transition temperature and ln(/) vs 1000/rg plot for a CSM specimen. The slope
of the plot is related to the activation energy.

Kig. Ii6 Frequency dependence of the glass transition temperature and ln(/) vs lOOO/rg plot for a CSM specimen. The slope
of the plot is related to the activation energy.

Fig. B7 Frequency dependence of the glass transition temperature and ln(/) vs 1000/rg plot for a CSM/Bidirectional
specimen. The slope of the plot is related to the activation energy.

Fig. H8 Frequency dependence of the glass transition temperature and ln(/) vs 1000/rg plot for a CSM/Bidirectional
specimen. The slop>e of the plot is related to the activation energy.
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Fig. B9 Frequency dependence ot the glass transition temperature and ln(^ vs 1000/ 7^ plot for a CSM/Bidirectional
specimen. The slope of the plot is related to the activation energy.

Appendix C
Dynamic Stiffness Measurements for Frequency-Time
Transformation Technique
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Fig. Cl Dynamic stiffness measurements at 35°C, 45°C and 55°C for a CSM/CSM/Bidirectional reinforced specimen.
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Fig. C2 Dynamic stiffness measurements at 35'^C, 45°C and 55°C for a CSM/CSM/Bidirectional reinforced specimen.
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Fig. ('3 Dynamic stiffness measurements at 35'^C, 45°C and 55°C for a CSM/CSM/Bidirectional reinforced specimen.
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Fig. C'4 Dynamic stiffness measurements at 35'’C, 45°C and 55°C fora CSM/CSM/Bidirectional reinforced specimen.
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Fig. C5 I^ynamic stiffness measurements at

45°C and 55”C for a CSM/CSM/Bidirectional reinforced specimen.
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Fig. ('6 Dynamic stiffness measurements at 35°C, 45‘’C and 55‘’C for a CSM reinforced specimen.
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Fig. C'7 Dynamic stiffness measurements at 35'^C, 45°C and 55°C for a CSM reinforced specimen.
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Fig. C'8 Dynamic stiffness measurements at 35'’C, 45°C and 55°C for a CSM reinforced specimen.
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Fig. C9 Dynamic stiffness measurements at

45°C and 55°C for a CSM reinforced specimen.
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F'ig. CIO Dynamic stiffness measurements at 35 C, 45 C and 55 C for a CSM reinforced specimen
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Fig. Cll Dynamic stiffness measurements at 35'^C, 45°C and 55°C for a CSM/Bidirectional reinforced specimen.
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Fig. C12 Dynamic stiffness measurements at 35'’C, 45°C and 55°C for a CSM/Bidirectional reinforced specimen.
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Fig. C13 Dynamic stiffness measurements at 35°C, 45°C and 55°C fora CS M/Bi directional reinforced specimen.
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Fig. C14 Dynamic stiffness measurements at 35'^C, 45°C and 55°C for a CSM/Bidirectional reinforced specimen.
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Appendix D
Equations Developed by Kollar and Pluzsik (60)
for Structural Analysis of Laminated Composite Beams with
Arbitrary Layup
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CREEP BEHAVIOUR OF HAND MANUFACTURED E-GLASS REINFORCED
POLYMER COMPOSITES
B Quinn’ and G. Kelly^
1. Department of Mechanical Engineering, Cork Institute of Technology, Bishopstown,
Cork, Ireland.
2. Department of Manufacturing, Biomedical and Facilities Engineering, Cork Institute
of Technology, Bishopstown, Cork, Ireland.
ABSTRACT
The objective of this work was to investigate the creep behaviour of hand laminated fiber
reinforced plastic (FRP) materials. All materials examined composed of E-glass fibers in a
polyester resin matrix. Fiber architectures consisted of purely chopped strand mat (CSM), and a
stitched combination of unidirectional layers and CSM. Samples of material were analyzed in a
dynamic mechanical analyzer in 3-point bending. Predictions of creep compliance levels after 3
years were made by two experimental methods. The first method involved applying a static load
to the material at various isothermal temperatures and recording the creep response. The
principal of time temperature superposition (TTS) was applied and creep master curves were
generated, allowing creep data to be examined over extended time periods. The second method
involved applying a constant load to the material for a period of 24 hours and fitting predictive
creep models to the experimental data in order to predict the 3-year compliance level.
KEYWORDS: Creep, Polymer, Viscoelastic
1.

INTRODUCTION

Fiber reinforced plastics (FRP) have become increasingly common in structural applications
over recent decades. This is due to the many advantages FRP can possess over conventional
engineering materials, such as corrosion resistance, reduced weight, reduced cost and the ability
to tailor the mechanical properties to the particular application. Fiber reinforced plastic
composites can be stacked in certain sequences and orientations to form thin laminated
composites, the properties of which depend on the type of matrix and fiber, volume fractions,
fiber direction and the manufacturing process. Laminated composites may be manufactured in a
variety of geometrical shapes by highly automated techniques such as resin transfer moulding
(RTM), filament winding and pultrusion. Like many manufacturing techniques, these aim to
eliminate direct human contact with the component during the manufacturing process in order to
minimize flaws and achieve a consistent level of quality. However when the need arises for large
components of reasonable complexity, the traditional hand lay-up manufacturing technique is
likely to be unavoidable. The various disadvantages of the hand lay up technique, (sometimes
referred to as the wet lay-up technique), include increased labour intensity and low production
volume. The most critical disadvantage however, from the engineers’ point of view, is that the
quality of the final structure is dependent on the skill of the operator. This can lead to difficulties
in predicting material behaviour and performance.
Polymer matrix composites also tend to be susceptible to time dependent deformation or
creep, when exposed to a static load, forcing the designer to take into account the long term
effects of loading, as well as the immediate. In order to avoid lengthy traditional creep

experiments, it becomes desirable to obtain reliable long term creep data from relatively short
term experimental programs
2.

THEORY

2.1

Viscoelasticity

Creep is a phenomenon whereby a material exhibits a time dependent increase in strain when
exposed to a constant stress. Many polymers, unlike traditional engineering materials, tend to
exhibit some degree of time dependent viscoelastic behaviour, resulting in continued
deformation over time. Creep in polymers is a result of viscoelastic flow and is commonly
modelled based on the well established Findley power law, which has previously been shown to
be applicable to model creep in reinforced polymer composites [4, 7, 10]. The Findley power
law can be expressed as.
e{t) =

+ at^

(1)

where 8(t) is the time dependent strain, 8o is the instantaneous strain, a is the amplitude of the
transient strain, h is the time exponent, and t is time. The creep response of a polymer based
fibrous composite will be largely dominated by the viscoelastic response of the polymer matrix,
as glass fibers will exhibit a high level of creep resistance in comparison [8]. Viscoelastic
materials possess both elastic and viscous properties and can be classified as linear or non linear.
The strain response of a non-linear viscoelastic material can be expressed as a function of stress
and time.
i' = f{(j,t)

(2)

A non linear viscoelastic material will possess a non linear stress/strain relationship, as well
as time dependent modulus K(t). At small strains a viscoelastic material may be said to lie within
the linear viscoelastic range, (LVR), where stress and strain are time dependent, however they
remain linearly related via the time dependent modulus of the material, E(t), according to.

e

(3)

=

d

Many physical viscoelastic models have been developed based on linear springs and
dashpots. One of the most common models is the burgers model, comprising of a Kelvin element
and a Maxwell element in series as shown in Fig. 1. Mathematically, the strain is given by,
(El
72
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(4)

where Ej and E2 are the elastic moduli of the springs, t]i and //2 are the viscosities of the dashpots,
S is the applied stress and t is the time. The parameters Ej^ E2j]i and t]2 can be obtained by fitting
the curve to experimental data.
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Figure 1. Physical representation of the Burgers viscoelastic model

While the previous models describe the variation of strain with time, it is often more
convenient to describe deformations in terms of compliance, as compliance is a normalized
entity with respect to stress. As long as the material remains linear viscoelastic, compliance data
at different stress levels can be compared. Creep compliance is defined as the time dependent
strain divided by the applied stress, denoted, J(t), and is described mathematically by.
£{t)

J{t) =

(5)

d

2.2

Time - Temperature Superposition
Traditional creep models require long term experimental data in order to provide a high
level of accuracy and confidence in extrapolating the data. For the purposes of avoiding lengthy
creep testing, the time temperature superposition (TTS) principle is used. The TTS principle is
based upon the observation that the extent of which creep is accelerated or decelerated is
sometimes proportional to the increase or decrease in temperature. Time and temperature both
have a similar effect on polymers. A certain level of creep strain can be reached after a long time
at a low temperature or over a shortened period of time at a higher temperature. The time
temperature superposition principle allows viscoelastic properties measured over fixed periods of
time and at different temperatures, to be plotted on a rescaled time axis by shifting each
individual curve horizontally by some shift factor in order to generate a master curve. A
reference temperature is selected representing the constant temperature of the material in service.
The reference temperature curve is held stationary while all other curves are shifted until a
smooth master curve is generated. The extent of shifting, {Log at), can be can be described by
two common models. The first of which is based upon the Arrhenius equation and is given by.
Ix)g{at) =

H

(6)

where H is the activation energy, R is the gas constant, T is the test temperature and 7’re/is the
reference temperature. The second model used to determine shift factors is known as the
Williams-Landel-Ferry (WLF) model, and it takes the form.

l.og(al) = - —

(7)

where Cj and C2 are constants, T is the test temperature and
is the reference temperature.
The Arrhenius equation is generally used to calculate shift factors below the glass transition
temperature, where the WLF model is not valid [1, 6], The TTS principle is well established in
characterizing the long term properties of polymers and is also well grounded in the field of
polymeric composites as studies have shown [1-5], In the present study, the TTS principle is
applied to E-glass fiber/Polyester composites manufactured by the hand lay-up technique in
order to predict creep behaviour after a 3 year period. The results are compared with two creep
models based upon 24 hour flexural creep data.
Tref

3.

MATERIALS

3.1

Matrix Material

The matrix material used was a quick curing orthophthalic grade polyester resin specifically
designed for the filament winding process. It is used in the manufacture of water, oil and
petroleum storage tanks and oil and water pipes. Polyester is a thermoset polymer with an
amorphous structure and exhibits a glass transition temperature, Tg, at which the material turns
from glassy to rubbery in nature. At temperatures above the glass transition temperature the
structural properties become significantly reduced, hence the operating temperature of the
matenal should always be below the glass transition temperature. The resin was combined with
1.0% catalyst and 0.5% accelerator to aid the curing process.
3.2

Reinforcement

Fibers used were standard E-glass. Glass fibers are most commonly E-Glass or S-Glass. SGlass fibers possess a higher tensile strength however they tend to be up to four times as
expensive as E-Glass [9], Glass fibers are available in a variety of forms including woven mat
stitched mat and chopped strand mat (CSM). Panels were prepared by the hand lay-up technique
and left to cure at room temperature for at least two weeks before any testing commenced. Two
fiber architectures were examined, the first was a CSM layer of 600g/m^. The second was a
stitched, three layered cloth consisting of a 0^, 300g/m^ unidirectional layer, a 90^, 300g/m^
unidirectional layer and a CSM layer, also 300g/m^. Fiber volume fractions were in the range of
0.21 to 0.24 for all samples.

4. INSTRUMENTATION

Raw data for TTS experiments was collected in a dynamic mechanical analyzer (DMA), TA
Instruments model Q800. Dynamic mechanical analysis is one of the most common methods
used to determine the viscoelastic and thermal properties of polymers. The DMA uses a
frictionless drive to apply small deformations to a material in a cyclic manner however static
loads can also be applied. A sensitive optical encoder records the movement of the drive shaft.
The instrument has a maximum drive shaft force of 18N and a maximum furnace temperature of
600”C. Several modes of deformation are available including single and dual cantilever, tension,
compression, shear and 3-point bending. All experiments were computer controlled using TA
Instruments’ Thermal Advantage software.

For all experiments, the DMA was set up in 3-point bending mode as is depicted in Fig. 2.
Additionally, TA Instruments Universal Analysis and Rheology Advantage Data Analysis
software packages were used to analyze the raw data.

Figure 2. Sample mounted m 3-point bending mode m the TA Instruments Q80() dynamie mechanical analyzer.

5.

METHODS

Samples were machined to a length of 60mm and a width of 13mm. Sample thickness was
dependent on fiber architecture and was in the region of 1.0 - 1.5mm for all samples. The glass
transition temperature of a CSM sample was recorded in the DMA by the tan delta peak method
as 9UC at a temperature ramp rate of 37min and oscillation frequency of IFIz. Creep
measurements were carried out for 2 hours in the DMA, at constant temperatures between 30 and
80°C in increments of 5°C. The stress level was kept constant at 12Mpa for all experiments.
Using 30°C as the reference temperature, the curves were shifted along the time axis producing
master curves from which creep data at extended periods of time could be read. One day creep
tests were also carried out in the DMA at a constant temperature of 30®C and constant stress
level of 12Mpa. Several viscoelastic models were fitted to the data by minimizing the sum of
squares and compliance levels for 3 years of service were predicted. Three samples of each type
were examined for each experiment.
6.

RESULTS

Fig. 3 shows creep compliance curves versus test time for the materials tested, at isothermal
temperatures from 30 to 80^C in increments of 5°C. After each temperature increment the
samples were allowed to relax and soak for a period of 45 minutes before the load was applied
again. The increasing temperature can be seen as having the effect of increasing the
instantaneous deformation while also altering the transient response.

(a)

(b)

Test time (min)

I-'igure 3. Creep eomplianee data for (a) CSM and (b) stitehed three layered composite specimens for temperatures
ranging from 30 to 80*^0.

Fig. 4 shows un-shifted creep compliance data and the construction of the TTS master curve
for the CSM composite. Shifting took place about the 30°C curve to create a smooth master
curve using TA Instruments Rheology Advantage software.

Figure 4. Construction of the TTS master curve for the CSM composite.

Fig. 5 shows TTS master curves for both materials. The data from the master curve
represents creep compliance due to a constant load over the lifetime of the material.

Figure. 5 TTS master eurves for the CSM and stitched composites.

Fig. 6 shows the absolute value of the shift factors plotted against temperature for the CSM
composite. The relationship between the shift factors and temperature was reasonably linear. The
Arrhenius equation displayed a good fit to the experimental data with standard error in the region
of 14.6. The stitched material showed notably larger values of creep compliance after the 3 year
period than the CSM material.

Figure 6. Horizontal shift factors versus temperature for the CSM composite. The solid line represents the Arrhenius
fit to the cxpenmental data.

Fig. 7 shows creep compliance versus time for the one day creep tests of CSM and the
stitched material with power law fit as well as a modified 4-element viscoelastic model. The 4element model consisted of one Kelvin units and one Maxwell unit in series with the time
parameters indexed. The time dependent strain could then be described as.
£{t) = a. +aJ\-e

) + aA

(8)

where ai-ou and ri were determined by fitting the model to experimental data by minimizing the
sum of squares.
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}• igure 7. Compliance curves for both materials generated over 24 hours with modified 4-element and power law fit.

Both the power law model and the modified 4-element model were capable of modelling the
creep response of both samples with good accuracy The CSM data was more accurately
modelled with the sum of squares in the region of 8E-8 for both models, in comparison, the sum
of squares was in the region of 4E-7 for the stitched composite. The results of the one day creep
tests were extrapolated to predict the compliance level after 3-years.

.4vera2e 3-Year Compliance
IT.,= 30"c:
ITS
Indexed 4-Element
Power I^iw

CSM Composite

Stitched Composite

2.00E-1()

5.83E-10

2.24E-10

7.00E-10

2.73 E-10

8.3 5 E-10

Tabic. 1 Average 3-year compliance for the CSM and stitched composites.

The average 3-year compliance of the three samples examined is shown in Table. 1. Both the
4-element model and power law extrapolations displayed larger values of creep compliance after
the 3-year period in comparison to the TTS prediction. This was the case for both materials.
7.

CONCLUSION

The characterization of long term behaviour of hand manufactured laminated composites is
crucial in ensuring safe and reliable design. The creep behaviour of two hand manufactured
composites was investigated. The TTS principle and traditional creep modelling based on 24
hours of data were used to predict compliance levels after a 3 year period. The TTS principle
shows a slightly lower compliance value in comparison to the traditional creep models. It is
hoped that ongoing research into the creep behaviour of these materials will aid the optimization
of hand laminated FRP structural sections.
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